
 

ABSTRACT 

 
HYDRICK, JENNIFER MARIE.  Epitaxial Oxide Growth on Si(001) for Floating 
Epitaxy, a Novel Process for Silicon-on-Insulator Wafer Production.  (Under the 
direction of Angus I. Kingon.) 

 

As scaling continues in the semiconductor industry, silicon-on-insulator (SOI) 

wafers are increasingly becoming the substrate of choice, due to higher channel mobility, 

effective device isolation, reduced short channel effects, minimized parasitic capacitance, 

and therefore higher speed, compared to a regular silicon wafer.  Current methods of SOI 

wafer production, however, will have difficulty achieving the desired silicon device layer 

and buried oxide insulator layer thicknesses and eliminating interface roughness as 

scaling proceeds.  We propose “Floating Epitaxy SOI” as a novel method of SOI 

production utilizing an all in-situ growth process.  Floating Epitaxy SOI involves 

Molecular Beam Epitaxy deposition of an epitaxial template oxide, oxidizing through the 

epitaxial template layer to establish the insulation layer, and silicon growth on top of the 

epitaxial template oxide layer (which is now “floating” on top of an amorphous oxide 

layer).  The key to this process is the epitaxial oxide template layer; the growth and 

thermal stability of this layer are discussed, as well as brief results for through-oxidation 

“floating” of the template oxide layer and silicon growth experiments.   

 

BaO, SrO, CaO, Ba1-xSrxO, SrTiO3, CaTiO3, and Ca1-xSrxTiO3 were successfully 

epitaxially deposited on Si(001) substrates.  A 64:36 Ba:Sr ratio was used for the solid 

solution of Ba1-xSrxO, in order to achieve close lattice matching with silicon; a 50:50 



Ca:Sr ratio was used initially for the Ca1-xSrxTiO3 solid solution, an attempt to mediate 

SrTiO3’s 2% lattice mismatch with silicon and CaTiO3’s orthorhombic structure.   

Reflection High Energy Electron Diffraction patterns of both Ba1-xSrxO and Ca1-xSrxTiO3 

indicated high quality 2D epitaxial films.  A thin (3 monolayer) film of Ba1-xSrxO is 

stable on silicon to 535°C in vacuum, while a 5 monolayer Ca1-xSrxTiO3 film survives to 

740°C in vacuum, but roughens from a 2D toward a 3D surface above ~650°C.  Of the 

epitaxial oxides studied, the solid solution Ca1-xSrxTiO3 would be the best choice for 

Floating Epitaxy SOI, based on epitaxial growth quality and stability.   

 

High-resolution TEM indicates the presence of an amorphous interfacial layer at 

the SrTiO3/Si interface, as grown.  X-ray diffraction confirms an epitaxial film, with a 

lattice parameter larger than that of bulk SrTiO3, likely due to oxygen deficiency in the 

film.  Annealing 17.5nm SrTiO3/Si(001) at 800°C in 5.5 Torr of oxygen for 30 minutes 

results in an equivalent oxide thickness of 10.3nm, sufficient for scaling to 2020.  X-ray 

diffraction after annealing reveals a still-epitaxial SrTiO3 film, with sharper 2θ and χ 

peaks and a lattice parameter closer to that of bulk SrTiO3.  These results validate the 

“floating” epitaxy approach: an epitaxial film remains on top of an amorphous insulator, 

after through-oxidation of the substrate.  Direct deposition of epitaxial silicon on  

Ca1-xSrxTiO3 and solid-phase epitaxy of silicon on a CaTiO3 film are promising.   
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I. INTRODUCTION 

 

A. Silicon-on-Insulator and the Semiconductor Industry 

In the semiconductor world, higher speed and greater packing density of devices 

are key to increasing performance and yield, and device scaling guided by the 

International Technology Roadmap for Semiconductors (ITRS) is used to accomplish 

these goals.1  However, the ever-more demanding requirements for the size and 

performance of devices place an ever-increasing load on the device materials, and 

parasitic effects related to the scaling of devices on silicon substrates cause increased 

power consumption as well as other detrimental effects.  The use of silicon-on-insulator 

(SOI) substrates can minimize these effects, providing higher channel mobility, effective 

device isolation, reduced short channel effects, minimized parasitic capacitance, and 

therefore higher speed compared to a regular silicon wafer.  SOI involves the use of an 

insulating layer under the thin silicon device layer, typically created either through 

bonding of wafers or implantation of oxygen into a silicon wafer.2,3  Since the use of SOI 

in mainstream Complimentary Metal-Oxide Semiconductor (CMOS) manufacturing 

began in 1997, the use of SOI wafers for devices has been steadily increasing, such that 

SOI is expected to be at least 10% of total silicon wafer sales by 2009-2010.4  IBM, 

AMD, Freescale Semiconductor, and others have adopted SOI as their substrate of choice 

for current and future devices, especially those requiring high speed, low voltage, and 

low power consumption, such as those designed for portable electronics.5  A recent 

assessment by Semiconductor Equipment and Materials International cites growth of the 

thin-film SOI market from $263 million in 2005 to $632 million in 2008.6   
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In order to continue the rapid pace of advancement recommended by ITRS and 

embraced by the industry, the dimensions of the semiconductor devices as well as the 

SOI substrates must continue to scale.  For SOI, both the silicon and insulator layers need 

to continue to be thinner, with less variation.  (See ITRS scaling dimensions in Table I.1)  

This scaling creates a significant challenge to current SOI wafer production methods.  As 

of June 2006, Ibis Technology Corporation (a leading manufacturer of ion implantation 

equipment) reports that typical SOI parameters for SIMOX are 10-145nm silicon layer 

thickness with <2nm uniformity and a buried oxide layer thickness of 145nm.7  SOITEC 

(the manufacturer of Smart Cut™ wafers) currently sells a fully depleted SOI wafer with 

silicon thickness of 50nm-100nm and uniformity of +/-5nm, and buried oxide thickness 

50nm-145nm +/-5nm.8  (Note that SOITEC claimed +/-1nm uniformity over a silicon 

thickness of 51.5nm in 2004.4)  Neither SIMOX nor Smart Cut™ technology, which 

together account for about 90% of the worldwide market for SOI,9 meets the ITRS 

recommendations for both silicon thickness and insulator thickness for this year.   

 

Table I.  ITRS Critical Dimensions for 
Device Scaling (2006  2020) 

   Silicon thickness (fully depleted): 
   19-34nm  11-12nm, 5% tolerance 
 
   Insulator thickness: 
   42-70nm  8-14nm, 5% tolerance 

 
 

Continued layer thinning and thickness control is difficult for these wafer bonding 

and implantation techniques due to necessary control of both implantation depth and 

distribution of hydrogen and oxygen ions, respectively.  Annealing is required for bonded 
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wafers, to allow wafer splitting, and the distribution of hydrogen atoms can result in 

uneven splitting and a need for wafer polishing.  Implanted oxygen ions cause damage to 

the silicon device layer, which must be repaired through a high temperature anneal 

following implantation.  A trade-off exists between implanting sufficient oxygen ions for 

a high quality SiO2 layer and creating a thin layer of oxide.10  Finally, the implantation, 

annealing, and polishing required to make SOI wafers by these processes are expensive 

steps, resulting in a per 300mm wafer cost of ~$1200, compared to the bulk silicon wafer 

cost of $200-$250.9  A market analyst firm, Semico Research Group, studied the cost of 

making a changeover to SOI wafers from silicon wafers for semiconductor 

manufacturing, including the increased cost of the wafers themselves, and determined 

that current SOI approximately breaks even with manufacturing cost based on using 

silicon wafers, once the benefits of SOI down the line are considered.11  A lower cost SOI 

production method would allow greater use of SOI in the industry, and significant cost 

savings.   

 
 
B. Purpose of Study: Floating Epitaxy 

“Floating Epitaxy” SOI is a novel method proposed by Angus Kingon, Jon-Paul 

Maria, and Veena Misra to achieve thinner SOI wafer creation, designed to meet these 

long-term ITRS specifications, and it draws upon previously published research from 

several groups (reviewed in the next section).  The concept, illustrated in Figure 1, is that 

by depositing an epitaxial oxide template upon which to deposit epitaxial silicon, it could 

be possible to create a SOI structure with thin layers without any post-processing or 

polishing.  The process begins with a standard silicon wafer, which is cleaned and loaded 
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into an ultrahigh vacuum (UHV) molecular beam epitaxy system (MBE).  A thin 

epitaxial oxide template layer, consisting of a crystalline oxide which is closely lattice-

matched to silicon, is deposited directly on the substrate.  This layer is rather thin to keep 

the layer commensurate and avoid misfit dislocations and relaxation as much as is 

feasible.  The structure is then heated in oxygen, to allow oxygen diffusion through the 

template oxide and formation of SiO2 at the silicon interface, effectively “floating” the 

still-epitaxial template oxide on top of an amorphous insulating layer.  Once the 

insulating layer is sufficiently thick, silicon is deposited under UHV conditions on the 

template layer, completing the SOI structure.  Note that it is easier to produce thin layers 

of silicon and insulator than thick layers in this process, making Floating Epitaxy SOI an 

especially viable solution for the thinner layers of SOI which ITRS “recommends” as a 

long-term goal.   

 

Figure 1.  Cross-sectional schematic of a complete 
Floating Epitaxy SOI wafer. 

 

Silicon Substrate 

Epitaxial Oxide Template  
Epitaxial Si Overgrowth

Amorphous SiO2  

 

 

C. Potential Advantages of Floating Epitaxy 

The most obvious advantage of Floating Epitaxy SOI is the ability to create thin, 

flat layers using MBE, which is capable of partial atomic monolayer thickness accuracy.  
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By itself, this advantage means that Floating Epitaxy SOI could replace standard SOI 

methods for future scaling.  In addition, because of the aforementioned capability, there is 

no implantation, polishing, or post-processing necessary, and the entire process could 

occur in a single system.  The implantation, annealing, and polishing steps required for 

current SOI methods are simply eliminated in Floating Epitaxy SOI, leading to 

significantly lower costs for this MBE-based SOI process than a standard SIMOX 

process for 12” SOI wafers.  This analysis, completed by an industry partner, already 

accounts for the lower throughput and additional expense of MBE systems.   

 

Another significant potential advantage of Floating Epitaxy SOI is the possibility 

to create multilayered semiconductor structures based on SOI.  If the entire process 

occurs in-situ and deposition processes are optimized for high quality epitaxial oxide and 

silicon growth, additional layer deposition to create a stack of silicon-on-insulator layers 

would be possible.  This three-dimensional structure could allow significant development 

of unique, area-saving unique device structures (3D integration), creating a leap forward 

on the ITRS timescale.12-13    

 

D. Approach to Floating Epitaxy 

Growth of atomically smooth heteroepitaxial layers and finding the best lattice-

matched template oxide are the two most difficult challenges of this research.  Although 

other research has shown atomically smooth oxide layers on silicon, as well as atomically 

smooth silicon deposited on specific oxides, interface wetting conditions would make it 

difficult for both to occur for the same oxide.13-16  Therefore, interface and surface 
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modifications may be required to grow a smooth template oxide on silicon, and smooth 

silicon on the template oxide.  The choice of template oxide is based initially on lattice-

matching, but the final decision on each oxide considered is based on experimental 

growth and temperature stability results.  A graph comparing the lattice parameter of 

several candidate oxides with that of silicon over the temperature range of interest is 

shown in Figure 2.  Note that several crystal structure varieties are considered: cubic 

rock-salt structures (BaO, SrO), cubic and pseudocubic perovskites (SrTiO3, CaTiO3, 

LaAlO3), and bixbyite structures (Sm2O3, Ho2O3, Dy2O3).  In addition, while pure oxides 

may not lattice-match with silicon very well, the solid-solution combination of these pure 

oxides yields a lattice parameter rather close to silicon, for a given temperature- see 

Ba0.64Sr0.36O, a solid solution of BaO and SrO.  Although CaTiO3 is very close to the 

lattice parameter of silicon, the structure is only pseudocubic (orthorhombic).  For 

graphing purposes, an average of the a- and b-lattice parameters is used for comparison to 

silicon’s lattice parameter.  A solid solution of CaTiO3 with SrTiO3 is investigated to 

determine whether combining these two oxides would result in a more cubic, stable 

template oxide useful for Floating Epitaxy SOI.  Although LaAlO3 has a low lattice 

mismatch with silicon, this oxide was not studied in this work, due to the need for a 

buffer layer to allow LaAlO3 deposition on silicon.17  Finally, the bixbyite structures were 

investigated separately by Jon-Paul Maria and H. Spalding Craft.18  These structures 

grow well on Si(111), but the focus of this thesis is Si(001)- based SOI.   
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The oxide templates specifically investigated in this thesis include: 

• CaO (-11% mismatch) 

• MgO (+10% mismatch if rotated) 

• SrO 

• BaO 

• Ba1-xSrxO 

• SrTiO3  

• CaTiO3 

• Ca1-xSrxTiO3 
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Figure 2.  Comparison of lattice parameter mismatch to silicon for various oxides over a 
range of temperatures. 
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In the case of an epitaxial oxide layer which is not perfectly lattice-matched to 

silicon, the oxide thin film can be constrained by the silicon wafer to keep the film 

commensurate (that is, causing the lattice parameter of the oxide to match that of the 

silicon).  However, the thickness to which this phenomenon occurs (“critical thickness”) 

is limited by the stresses which are built up in the film; once there is sufficient elastic 

strain energy, the thin film relaxes and misfit dislocations are formed at the interface.  

The closer a film’s lattice parameter is to silicon, the larger the film’s critical thickness is.  

(The Equilibrium Theory of Lattice Misfit is covered in Milton Ohring’s Materials 

Science of Thin Films, 2nd Edition, for those who are interested in the details.19)  Because 

the oxide film will be used as a template layer for later silicon deposition, the film should 

remain commensurate with the silicon substrate (at least until the substrate is oxidized), 

and therefore must be thinner than the critical thickness.  The potential loss of a coherent 

interface during oxidation of the substrate means that the lattice parameter of the film 

should be as close to the lattice parameter of silicon as possible, to retain the structure of 

the film as it was deposited on the substrate.  SrTiO3, for example, can remain 

commensurate with silicon up to 3.5 unit cells.20  For the purposes of Floating Epitaxy, a 

thin film of a closely-matched lattice oxide will be used, in the hopes that the film 

remains commensurate for the entirety of film deposition, and the epitaxial template 

oxide layer serves as a template for the silicon deposition after substrate oxidation.   

 

In a heteroepitaxial layered structure, each interface has the potential to ruin the 

usefulness of the full structure.  In order to minimize this potential, the growth runs and 
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other experiments are chosen to isolate each interface, to confirm the stability and 

effectiveness of each interface before the entire structure is built.  Therefore, in separate 

experiments: 

• an epitaxial template oxide is grown on a silicon wafer, 

• silicon is deposited first on an oxide wafer (when possible) before 

deposition on a template oxide film, and  

• through-oxidation is confirmed in ex-situ experiments using a thin layer of 

template oxide film on silicon 

before a full Floating Epitaxy SOI structure is created.   

 

 

A brief, but complete, list of experimental steps necessary for the Floating Epitaxy 

process follows: 

1. Prepare substrate to enter vacuum chamber (RCA clean and/or HF-last or 

ozone treatment).  

2.  Load the substrate and heat to temperatures sufficient to desorb the hydrogen 

termination and reconstruct the silicon surface (typically ~800°C). 

2a. If using the Sr deoxidation procedure, heat to 600°C, deposit one 

monolayer of strontium metal, and continue heating to 750°C to desorb 

SiO and reconstruct the silicon surface. 

3.  Once the silicon has reconstructed, cool to 635°C to deposit a partial 

monolayer of strontium to act as surface passivation. 
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4.  Cool to oxide deposition temperature, and deposit epitaxial oxide template 

layer (details discussed later).   

5.  Raise oxygen pressure and anneal silicon-template structure at an elevated 

temperature to achieve through-oxidation.   

6.  Reduce oxygen pressure, change substrate temperature if necessary, and 

deposit silicon device layer.   

7.  Remove complete SOI substrate from chamber after cooling.   

 

 

The primary purpose of the research project described herein is to investigate the 

feasibility of this SOI wafer creation method and produce wafers via this method, if 

possible.  Due to the critical function of the epitaxial oxide template layer, this thesis is 

focused on understanding and optimizing the substrate cleaning and epitaxial oxide 

deposition, with limited study of the through-oxidation and silicon deposition included.   
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II. LITERATURE REVIEW AND BACKGROUND 

 

A. Current Methods of SOI Production 

Current methods of SOI production include those based purely on wafer bonding, 

such as Bond and Etch-Back SOI (BESOI), those based purely on ion implantation, such 

as Separation by Implantation of Oxygen (SIMOX), and those based on combined 

technologies, such as Smart Cut™ by SOITEC—ion implantation and wafer bonding—

and Epitaxial Layer Transfer (ELTRAN®) by Canon—epitaxial growth and wafer 

bonding.  All of these methods are based on a “sandwich structure” SOI, where the 

device layer and insulating layer are on top of a silicon wafer.  This structure is preferred 

to silicon on an insulating wafer because of compatibility with current semiconductor 

processing methods and equipment.1   

 

BESOI wafers are made by bonding together two oxidized wafers, annealing, and 

etching or grinding and polishing to achieve a thin silicon device layer.  Wafer bonding 

involves first polishing of two oxidized wafers to be joined to a mirror finish, then 

chemisorbing water onto the two wafer surfaces.  When placed together, these two wafers 

stick together with a weak hydrogen bond.  An annealing step is required to create a bond 

which is sufficiently strong to stand up to later silicon layer thinning, remove excess 

water from the interface, and create a continuous buried oxide (BOX) layer.  For BESOI, 

either etching or grinding and polishing can be used to thin the silicon layer.  Etching 

requires the use of a double etch stop to protect the silicon device layer (due to etch 

selectivity), and grinding and polishing produces a thickness uniformity of ~10nm (in 
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2000) with device layers on the order of microns thick.1,2  Because of recent progress in 

other SOI production technologies, BESOI wafers are typically made by the grind/polish 

method, as they are no longer considered useful for thin film SOI.1  These wafers are now 

used for thicker, high-voltage, high-power devices or for microelectromechanical 

systems.2,3  The thick silicon associated with BESOI would not be appropriate for ultra-

thin body devices, and the creation of a single BESOI wafer requires two silicon wafers 

(most of one is ground away).2   

 

SIMOX wafers are created by implantation of oxygen ions to an appropriate 

depth, based on implantation energy, into a silicon wafer.  This implantation step serves 

as the beginning of the BOX layer.  High temperature annealing for several hours 

follows, to create a continuous SiO2 layer and repair damage to the silicon device layer 

created by implantation.4  Implantation dose must be controlled to ensure that there is 

sufficient oxygen to create a full SiO2 layer of the appropriate thickness, and also that no 

silicon islands appear in the oxide film after annealing.2  Lower doses and higher 

annealing temperature anneals are used to minimize defect generation in the silicon 

device layer.4  Additional high-temperature annealing causes thermal oxide growth both 

on the surface of the wafer and internally, creating a thicker, device-quality oxide for 

SOI.  This technique is referred to as internal thermal oxidation (ITOX), and results in +/- 

one lattice spacing undulations at the top silicon/BOX interface.2  

 

The Smart Cut™ method is based on implantation and bonding, with some post-

processing polishing required.  Hydrogen ions are implanted into a thermally-oxidized 
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silicon wafer to a shallow depth of silicon, where the device layer thickness is directly 

related to the implantation energy used for this implantation.  Each hydrogen atom causes 

10 Frenkel pairs in silicon during typical implantation, and the hydrogen atoms pair with 

broken Si-Si bonds.5  This wafer is then bonded to a silicon handle wafer, followed by a 

two step annealing process.5  A first anneal at 400-600°C allows diffusion of the 

hydrogen ions into platelets of H2, causing microcracks in the silicon in the implanted 

region.5  In anneal time of as little as 12 seconds or as long as 17 minutes, the increasing 

pressure at the microcracks cause the wafer to split, leaving a thin silicon device layer on 

top of the thermal oxide layer, which is attached to a silicon handle wafer.5  A second 

anneal at 1100°C for two hours removes silanol groups from the bonded interface, which 

leaves a silicon/oxide interface of similar quality as that of a thermally grown oxide on 

silicon.5  Because the hydrogen implantation leaves a Gaussian distribution of defects, 

leading to microroughness of the surface after splitting, “touch polishing” (removes tens 

of nanometers) of the surface silicon layer is required to allow device fabrication.1,5  This 

polishing step required to smooth the split surface is the limiting factor for the minimum 

thickness of silicon device layer which can be created by this method, but Smart Cut™ 

does create a surface and crystal quality which is similar to that of bulk silicon.1  The 

wafer which is split away from the structure can be recycled, to become another handle 

wafer or implanted wafer for the next SOI structure to be processed.5   

 

ELTRAN® wafers are created by epitaxial growth of silicon on a porous silicon 

layer, which is then transferred to a second, oxidized wafer using wafer bonding.6  10-

20µm of porous silicon is created on one wafer by etching with a hydrofluoric acid 
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(HF)/ethanol solution.1  The surface is oxidized slightly and etched with HF, then 

prebaked in 760 Torr of hydrogen gas to prepare the surface for epitaxy.1  Epitaxial 

silicon is grown by CVD on the porous silicon, followed by thermal oxide growth from 

some of the deposited silicon on the wafer surface.1  The now oxidized wafer is bonded 

to a second thermally oxidized wafer by wafer bonding, and the porous layer is split by a 

water jet (mechanical thinning was previously used, but the water-jet-based splitting 

method allows reuse of the “sacrificial” first wafer).1,6  The porous silicon can then be 

selectively etched away by a solution of HF/H2O2.
1  Hydrogen annealing at temperatures 

>1000°C is used to achieve a smooth epitaxial layer.1,6  Roughness following this anneal 

is comparable to bulk silicon, with no polishing required.1  A silicon layer of 55nm +/- 

2.1nm has been reported over a 200mm wafer, though thicknesses can be greater with 

additional epitaxial deposition.6  An important note here is that epitaxial silicon crystal 

quality is potentially better than bulk silicon, due to the lack of crystal growth defects.1   

 

Current methods of SOI production will have difficulty achieving the thin layers 

of silicon and insulator prescribed by ITRS.  All of these processes require some sort of 

ion implantation, grinding or polishing, or etching, all of which have difficulty obtaining 

thin layers, and none of which can be accurate to atomic level accuracy.  In addition, 

most of these methods require complex and expensive processing after the SOI wafer has 

been created.  Floating Epitaxy SOI allows submonolayer accuracy in layer thickness of 

the deposited films, and should provide sufficient control over oxidation (once 

characterized) to create an accurately thick insulating layer as well.  The Floating Epitaxy 

process is also simpler and potentially cheaper because there is no need for post-
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processing of the “finished” SOI wafer; all of the processes to create an SOI wafer from a 

single silicon wafer occur in one piece of equipment.  For these reasons, Floating Epitaxy 

SOI has significant advantages over current SOI production methods as the future of the 

semiconductor industry approaches.   

 

B. Epitaxial Oxide Growth 

 In 1981, a group from Fujitsu Laboratories was the first to use an epitaxial oxide 

on a silicon substrate as a template for epitaxial silicon deposition, using epitaxial spinel 

on silicon both as an insulation layer and as a template layer.7  Commensurate oxide 

epitaxy of SrTiO3 on Si(001) was achieved by McKee, Walker, and Chisholm in 1998, 

for potential use as an alternative gate dielectric.8  (Epitaxial oxides on silicon are of 

specific interest to the semiconductor industry to replace amorphous or polycrystalline 

gate oxides, to obtain a sharp interface between the two materials.)  This research is 

related to both of these examples, because a commensurate oxide will be used as an 

epitaxial silicon template.  In this case, a commensurate film is essential to allow a 

defect-free interface between the insulating layer and the device layer, rather than 

between the gate oxide and the silicon channel.  On the other hand, the bottom interface 

of the epitaxial oxide must remain commensurate only long enough to form the epitaxial 

oxide; SiO2 formation at this interface during the latter part of oxide growth is acceptable.   

 

Epitaxial oxides have been grown on several orientations of silicon substrates, but 

primarily on Si(111) and Si(001).  A wide range of oxides and structures can be grown 

epitaxially on silicon, from a nearly perfectly lattice-matched CeO2 to MgAl2O4 and γ-
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Al2O3, both of which have a lattice mismatch to silicon larger than 30%.9  This range can 

be accommodated by a variety of orientations of the oxide to the silicon substrate, 

ranging from cube-on-cube to directionally rotated (but in the same plane as the 

substrate) to alignment with a different plane and direction altogether.  Considerations for 

epitaxial oxide growth in a vacuum system include thermodynamics, quality of substrate 

surface (e.g. presence of impurities, reconstruction, as well as surface morphology), 

temperature, background pressure, flux of materials, pressure of oxygen or other reactive 

gases, and method of deposition.  All of these can affect final film chemistry, 

morphology, properties, or even whether the film is epitaxial.  Thermodynamics can give 

a rough guide for which oxides might not react with silicon and SiO2 during growth to 

form silicates and silicides (though most growth processes occurring in MBE are not 

equilibrium processes).  Reconstruction of the silicon surface is required for most of the 

oxides covered here, but epitaxial oxides have been successfully grown on substrates 

with hydrogen termination as well as those with native oxide.  Most oxides are grown at a 

relatively low temperature; however, thermal expansion of an oxide is typically larger 

than that of silicon, so extensive thermal fluctuations during or after growth could cause 

stress in the film and possibly cracking or film relaxation.  Oxygen pressure control is 

critical to manage the competing reactions which could occur during film growth: 

oxidation of the film, oxidation of the underlying substrate, and formation of silicides 

and/or silicates.9   

 

 A brief review of epitaxial oxide work on Si(111) and Si(001) is  presented here, 

but details specific to the epitaxial oxides used in this research are covered more 
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extensively in their respective sections (alkaline-earth rocksalt-structured oxides in 

Section IV-A, and perovskites in Section V-A).  Thermodynamic considerations as well 

as use and interpretation of RHEED are also covered in the following sections.   

 

1. Epitaxial Oxides on Si(111) 

 Although the Si(111) orientation was not used in this research, a brief review of 

some work with this substrate is included here for completeness.  Use of Si(111) for 

Floating Epitaxy SOI is not out of the question, but Si(001) was chosen based on its 

higher electron mobility,10 ease of industry transfer, and quality of interface with SiO2.  

Among the epitaxial oxides reported on Si(111) in the literature are: MgAl2O4, CeO2, 

Nd2O3, PrO2, (Ba,Sr)O, hexagonal-Pr2O3, SrO, Y2O3, and (LaxY1-x)2O3.9,11   

 

 Cerium oxide (CeO2) has a lattice mismatch of -0.38% with silicon at room 

temperature,12 and has been deposited epitaxially in UHV by e-beam evaporation from 

CeO2 tablets with a substrate temperature of 200-800°C,13 by laser ablation from a CeO2 

target at 600-750°C,14 by evaporation of Ce metal from an effusion cell with flowing O3 

at 600-700°C,15-17 as well as by oxygen-reactive solid phase epitaxy followed by reactive 

sputtering from a cerium source in oxygen at 300-350°C.18  Inoue reports best RBS 

channeling results at a substrate temperature of 500°C.13  At 690°C, a CeO2 film begins 

to decompose in UHV, losing oxygen (confirmed with quadropole mass spectroscopy) as 

the film becomes amorphous by RHEED.19  An additional mechanism suggested for the 

film “decomposition” is reaction at the interface to form SiO2.
19  This reaction should 

limit temperatures for epitaxial oxygen-deficient CeO2 film deposition, as well as 
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temperatures for later silicon deposition, but CeO2 deposition in a higher oxygen pressure 

could occur at higher temperatures.   

 

SiO2 is also observed at the interface of the CeO2 film and Si(111) substrate, both 

as-grown and after annealing.20-21  The thickness of the amorphous interfacial layer (AIL) 

can be controlled with substrate temperature and oxidant pressure during CeO2 film 

deposition.15  Chikyow observed additional SiO2 growth as well as full oxidation of the 

as-deposited oxygen deficient CeO2 film after a dry oxygen anneal at 900°C,20 and a 

post-growth anneal is reported to improve electrical properties of the film stack as 

compared to as-grown films.14,16  Oxygen defects contribute to larger interface state 

density at the interface, and are also present in the bulk CeO2 film, causing an expansion 

in the CeO2 film lattice.16-17  This finding is consistent with the 3% larger lattice 

parameter for Ce2O3 compared to CeO2, as well as the oxygen-poor conditions during 

MBE deposition which were used in this experiment to avoid an AIL of SiO2.
17   

 

 Attempts at silicon deposition on a CeO2 film at 750°C resulted in 

microcrystalline islands of silicon by chemical vapor deposition (CVD) and CeOx 

droplets in epitaxial silicon by laser-assisted CVD, though 2D epitaxial silicon was also 

reported by CVD using unpublished optimized growth conditions.14  Another group 

successfully deposited epitaxial single crystal silicon on epitaxial CeO2 by e-beam 

evaporation of silicon, but found ~1% cerium in the deposited silicon film and 2% cerium 

at the silicon surface (after 550°C amorphous CeO2 deposition and a 750°C anneal, 

followed by 550°C silicon growth and annealing).22  It is suggested that the CeO2 film 
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has begun to decompose, and that the cerium atoms float to the surface during silicon 

growth.  The silicon film also contained twins and stacking faults, and the interfaces are 

rough, though continuous.22  CVD deposition of silicon (>700°C) on CeO2 results in a 

single crystal silicon film, but causes discontinuities in the CeO2 film.23  A 

polycrystalline silicon film occurs at substrate temperatures of 650-700°C, while 

T<600°C films were amorphous.23  Pulse laser deposition at 500-750°C resulted in only 

amorphous silicon films.23   

 

2. Epitaxial Oxides on Si(001) 

 While deposition of (111) oriented oxides on Si(111) is typically more 

straightforward than (001) oxide epitaxy on Si(001), most of today’s semiconductor 

technology is based on Si(001) devices.9,24  According to Tarsa, McCormick, and Speck, 

“Epitaxy of oxides having the rocksalt, perovskite, and tetragonal structures onto (001) Si 

has proven difficult.  Growth of oriented BaO on (001) Si by MBE depends sensitively 

on the arrival sequence of the cations and oxygen during the initial stages of growth.”9  

Epitaxial oxides reported on Si(001) include: γ-Al2O3, BaO, MgAl2O4, MgO, SrO, 

SrTiO3, YSZ, ZrO2, GdO2, BaTiO3, CeO2, and Y2O3.9   

 

Not all of these oxides are (001) oriented on Si(001); CeO2 and Y2O3 are (110) 

oriented, despite very close lattice-matches to silicon.  It has been suggested that lattice 

parameter alone is not the key to orientation for the oxide-semiconductor interface, but 

instead the oxygen sublattice spacing or perhaps due to metal silicide formation at the 

interface.11,25  Surface energy is also important: Y2O3 deposits on silicon randomly 
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oriented polycrystalline at 60°C, but (111) textured at 270°C, and epitaxially (110) above 

450°C (with both orthogonal variants).26  CeO2 deposition on a misoriented silicon 

substrate leads to a preferred orientation of the two orthogonal variants.9   

 

 Rock-salt structured oxides have been successfully deposited on Si(001) in (001) 

oriented epitaxy.  Magnesium oxide has a lattice mismatch of -22.5% with silicon, but 

three silicon unit cells (16.29Å) and four MgO unit cells (16.84Å) would only have a 

mismatch of 3.4%.  Fork deposited the first epitaxial MgO on silicon in 1991 (by pulsed 

laser deposition from a magnesium source in oxygen), but saw evidence of cracking of 

the oxide layer, perhaps caused by thermal expansion differences in the two materials.9,27  

SrO has a direct mismatch of -5.4% cube-on-cube.  Epitaxial SrO was deposited on both 

Si(111) and Si(001) by Kado & Arita in 1987, by evaporation of SrO in oxygen at 

substrate temperatures of 650-750°C using MBE.28  Orientations of (111)SrO||(111)Si, 

[11-2]SrO||[11-2]Si  and (100)SrO||(100)Si, [011]SrO||[001]Si were reported (a 33.8% 

mismatch!), and the SrO film on the Si(111) substrate was a higher quality, smoother 

film.28  However, this rotation of the SrO film on the silicon substrate was not observed 

more recently; Asaoka, et al. observed a cube-on-cube orientation at substrate 

temperatures above 400°C.29   McKee pioneered deposition of several epitaxial oxides on 

Si(001), including BaO and SrTiO3.30-31  Both of these oxides have a mismatch of 2-3% 

with silicon, and both were deposited using a silicide-based interface.  For BaO, ¼ ML of 

barium is deposited on silicon at high temperature, then BaO can be deposited at low 

temperature.30  SrTiO3 involves deposition of partial MLs of strontium at high and then 

low temperatures, followed by strontium and titanium deposition in oxygen.31   
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3. Thermodynamics 

An important consideration for epitaxial growth of oxides on silicon and further 

processing (involving a variety of temperatures and oxygen pressures) is thermodynamic 

stability of the oxide in contact with both silicon and SiO2 in these environments.  

“Thermodynamic stability” here refers to the likelihood of the oxide to decompose, 

evaporate, or otherwise react with the (typically vacuum) environment or the substrate.  

Thermodynamics alone will give a first check for this stability, but MBE depositions are 

typically not under equilibrium conditions, so standard thermodynamics may not give the 

full picture.  Hubbard and Schlom undertook a thermodynamic study of potential 

reactions involving silicon and all elemental oxides in the periodic table; the possible 

reactions are indicated in Table II.32-33  They based their study on the assumption of no 

excess oxygen available for reaction, which is not a valid assumption for stability 

determination in the Floating Epitaxy SOI process, especially during the through-

oxidation step.  The results of this thermodynamic study of simple oxides revealed that 

BeO, MgO, and ZrO2 oxides would be stable on silicon up to 1000K, and there was 

insufficient thermodynamic data at the time (through 2002) to confirm the stability of 

Li2O, some alkaline earth oxides (CaO and SrO), the column IIIB oxides (Sc2O3, Y2O3, 

and Re2O3, where Re is a rare earth), ThO2, UO2, HfO2, and Al2O3 on silicon .32-33  

Experimental evidence supported at least a metastable interface (free of reaction layers) 

of BeO, MgO, CaO, SrO, Y2O3, Pr2O3, Nd2O3, ThO2, ZrO2, and Al2O3 oxides on 

silicon.32-33   
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Table II.  Possible reactions between 
silicon and a simple metal oxide, as 

investigated by Hubbard and Schlom.32-33

Possib
(with no e

1. Si + MOx →
2. Si + MOx →
3. Si + MOx →
4. Si + MOw →
5. Si + MOx →
6. Si + MOx →
7. Si + MOx →
8. Si + MOx →
 

Hubb  
 

 

4. RHEED In-situ Monitoring 

 Reflection High Energy Electron Di

epitaxial oxide growth, to observe surface s

with monolayer-by-monolayer film growth.

of electrons is aimed at the substrate at a gla

growth; these electrons diffract at the sampl

analysis technique very surface sensitive), t

diffraction patterns.  This diffraction occurs

growing film surface.  If a computer system

is attached at the phosphorescent screen, the

experimental data.  The diffraction patterns 

epitaxy, lattice parameter, and growth mode

crystalline, polycrystalline, textured, or amo
le reactions  
xcess oxygen) 
 M + SiO2 
 MSiz + SiO2
 MOw + SiO2
 MOx + MSiz
 MSiz + MSixOy 
 M + MSixOy 
 SiO2 + MSixOy 
 MSixOy + MSixOy 

ard & Schlom 1996
ffraction (RHEED) is used extensively in 

tructure and intensity oscillations associated 

  The basic premise of RHEED is that a beam 

ncing angle, typically 1-2°,  during film 

e surface to a very shallow depth (making this 

hen light up a phosphorescent screen in 

 real-time, allowing quick analysis of the 

 with a camera and capture/analysis software 

 RHEED patterns can be taken as 

can be analyzed to determine the film 

, as well as whether the film is single 

rphous.  A high vacuum is required for 
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RHEED operation, to allow sufficient mean free path for the electron beam, but it is 

sometimes used in high gas pressure environments only before and after growth when the 

chamber has been evacuated.   

 

 RHEED patterns can be visually analyzed during growth to determine 

crystallinity (see Figure 3).  Thin rings indicate a polycrystalline surface, while smudgy 

wide rings indicate an amorphous surface (though these rings are not always clear; if no 

pattern is clearly visible, the surface is amorphous- unless a setting is wrong!).  

Diffraction spots are indicative of a single crystalline or textured (oriented) surface.  If 

these spots appear along a ring, the surface of the film or substrate is very smooth.  A 

more linear arrangement (spots seem to line up straight instead of along an arc) is 

indicative of a rougher surface, perhaps with islands.  RHEED spots also indicate the 

existence of any surface reconstruction; for example, the silicon 1x1 surface and 2x1 

surface reconstruction (where doubling of one dimension leads to an additional 

diffraction spot at (0,½) in k-space) are also shown in Figure 3.  The presence of Kikuchi 

lines (not illustrated) also represents a high quality, smooth surface.   
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Figure 3.  Schematic of general RHEED patterns. 
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 In addition to the arrangement of spots in the RHEED pattern, the intensity of the 

spots over time during deposition also indicates the growth mode of the film.  Intensity 

oscillations in the diffraction spots can be seen visually during depositions which occur 

by 2D monolayer-by-monolayer growth (for further explanation, see references 34-35), 

whereas 3D island-type growth and step flow growth offer no intensity oscillations.  

However, one must be careful when expecting oscillations: Barnett et al. showed that 

while oscillations occurred on a perfectly oriented Si(001) substrate, none occurred on a 
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substrate with a 2° misoriented substrate.36  RHEED oscillations and intensity can also be 

affected by temperature36 and oxygen pressure.37

 

C. Oxide Through-Diffusion 

 Oxidation of the underlying substrate is possible because of oxygen diffusion 

through the oxide template film, which can occur either during film deposition or in an 

annealing step after film deposition.  The effect was first observed by Fork’s group on 

yttria-stabilized zirconia,38 and has since been observed by many groups, for many oxide-

silicon systems (CeO2,20 ZrO2,39 Y2O3,40 (LaxY1-x)2O3 (LaYO),41 and SrTiO3
42 for 

example).  Formation of SiO2 at the interface through the oxide layer is typically 

substantially faster than pure silicon thermal oxidation under the same conditions.39  The 

SiO2 interface formation varies with the oxide, likely due to oxygen diffusion rates or 

presence of oxygen vacancies in the film, and therefore the processing to achieve a 

certain thickness would need to be optimized for the oxide used.  In the case of Floating 

Epitaxy SOI, an oxide thickness similar to that listed in ITRS (between 70nm in 2006 and 

8nm in 2020) is the goal.43   

 

Growth conditions can be modified to either create the amorphous interfacial 

layer (AIL) or not (if post-growth annealing AIL formation is preferred) during growth.  

An amorphous SiOx layer could be formed at the Si/LaYO interface after film growth by 

exposing the film to an oxygen beam, but this AIL will not form during growth without 

the oxygen beam.41,44  
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D. Silicon Deposition 

 While high-quality silicon deposition on silicon is straightforward, well-

documented, and clearly established, silicon deposition on oxides is rather more difficult.  

When depositing on oxides, not only do lattice parameter and thermal expansion 

mismatch play a role, but also surface energy of the oxide plane (different oxide planes 

may have different surface energies, leading to different silicon atom bonding and 

interface energy) and thermal stability of the oxide layer at the silicon deposition 

temperature (decomposition of the oxide during silicon deposition is definitely not 

desired).  Two primary methods are used for silicon deposition on oxides: direct 

deposition at a relatively high substrate temperature for silicon crystal growth and solid-

phase epitaxy (SPE), where amorphous silicon is deposited on a cold substrate and 

subsequently heated to recrystallize the silicon.  A silicon film can be deposited in a 

single crystalline form by direct deposition at high temperature, but the potentially long 

time at temperature can cause interface and oxide degradation.  SPE is generally a lower-

thermal budget process, and is useful especially for oxides with limited thermal stability, 

but the recrystallization process must be optimized to ensure a single crystalline film 

upon completion.   

 

 A good comparison of the two methods is given by silicon film deposition on a 

LaYO film on Si(111) by a group from IBM.  At first, direct deposition was attempted on 

the LaYO film at various temperatures.11  Deposition at 660°C resulted in smooth silicon 

films, which were full of stacking faults and twins; deposition at 800°C resulted in rough 

films with less stacking faults and twins.  A combination of these two (nucleation at 
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800°C, followed by continued deposition at 660°C) split the difference, resulting in a 

smooth film with a number of stacking faults and twins between that of the two separate 

temperature growths.  However, the silicon film was not continuous- certainly a problem 

for a device layer!  This same problem was also observed in CeO2.23  Because of the 

difficulties found in direct deposition of silicon, the group from IBM then attempted SPE 

on LaYO.41  Amorphous deposition at 100°C, followed by heating to ~580°C led to 

crystallized silicon based on the LaYO lattice under the silicon film.  This procedure does 

lead to slight roughening of the silicon film, but they found that including a surfactant for 

the silicon, such as a single atomic layer of antimony, arsenic, or boron, promoted a 2D, 

uniform surface on the silicon layer.  No information on the quality of this semiconductor 

layer was given in the literature, but a similar structure using germanium was made into a 

MOSFET with moderate success.   
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III. EXPERIMENTAL REVIEW 

 

A. Key Process Steps to Floating Epitaxy SOI 

 Achieving the full Floating Epitaxy SOI structure will require the successful 

combination of several different film growth procedures, ideally all accomplished in-situ 

in the Molecular Beam Epitaxy system.  These procedures are briefly reviewed here.   

 

1.  Substrate surface preparation/reconstruction:  cleaning of the sample surface and 

silicon reconstruction, free of carbon or oxygen contamination. 

2.  Creation of a surface conducive to oxide heteroepitaxy on silicon: typically involves 

deposition of partial monolayers of metals at high temperatures following reconstruction, 

to create a silicide layer on the silicon wafer surface which prevents oxidation and allows 

oxide epitaxy. 

3.  Deposition of the epitaxial oxide template film:  generally at low temperatures and 

relatively high oxygen pressures.  Correct stoichiometry requires careful control of 

sources and rates.   

4.  Through-oxidation:  requires higher temperatures and higher pressures to oxidize the 

silicon wafer, following epitaxial oxide growth.  The template oxide must survive this 

process without significant reaction or dissolution, such that the surface of the template 

remains epitaxial and lattice-matched to silicon.   

5.  Silicon heteroepitaxy:  high temperature and low oxygen pressure to achieve direct 

epitaxy of device quality silicon.  Again, the epitaxial oxide must survive these 

conditions long enough to allow silicon epitaxy.  Interface engineering may be required.    

30 



 

B. MBE Description 

The oxide MBE used for these experiments, shown in Figure 4, has typical 

background pressures of 10-9-10-10 Torr, capacity for up to nine 8” wafers, and consists of 

three chambers: a load lock, cluster tool, and main chamber.  The main chamber has two 

sections, a growth chamber and an anneal chamber, which can be isolated from the 

growth chamber during anneals to avoid oxidation or contamination of the sources.  The 

anneal chamber would allow in-situ through-oxidation following epitaxial template oxide 

growth.   

 

Figure 4. Molecular Beam Epitaxy system used for growth experiments. 
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Installed sources include five effusion cells (one high temperature cell, three low 

temperature <1000°C cells, and one aluminum source), as well as a mini Ti-ball (Varian 

Vacuum Technologies, Inc of Lexington, MA) sublimation pump as a source of 

titanium,1 located in the sixth effusion cell slot.  There are also two e-beam sources, one a 

40cc dedicated silicon source and the other a set of eight 7cc sources, allowing a variety 

of materials to be deposited with a minimum of system exposure to atmosphere.  Oxygen 

and nitrogen enter the anneal chamber through mass-flow controllers (four gases are 

possible), and oxygen can be controlled to lower pressures and flow rates with a leak 

valve.  A recently added ozone source can be used both ex-situ and in-situ.  The available 

sources allow a variety of oxides to be tested, including multiple-component oxides and 

oxides which may be difficult to oxidize.   

 

The system is pumped by a cryopump, ion getter/titanium sublimation pump, and 

diffusion pump-backed turbomolecular pump in the main chamber; an ion getter/titanium 

sublimation pump in the cluster tool; and a diffusion pump-backed turbomolecular pump 

in the load lock.  The substrate manipulator can be rotated for film uniformity (though 

most of the films deposited in these experiments were not rotated, for simplicity), and is 

capable of reaching ~800°C.  Substrate temperatures are determined by calibration of the 

thermocouple readout to a pyrometer reading.  Two of five quartz crystal rate monitors 

(QCR) can be used at one time to monitor deposition rate and deposition amount during 

growth, including an extendable QCR which reaches the center region of the sample area.  

The sources and QCRs are controlled through SVT Associates’ (Eden Prairie, MN) 

RoboMBE version 2.01 R2.002 © 1999, software which came with the system.  A 
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reflection high energy electron diffraction (RHEED) system is used to monitor crystal 

quality and deposition in-situ.  The diffraction pattern shown on the phosphor screen is 

recorded to a computer through a k-Space Associates Inc. (Ann Arbor, MI) kSA 400 

system, allowing real-time tracking of spot intensity and oscillations as well as the ability 

to save data and images from each run.  Using the QCRs and RHEED system during 

deposition allows in-situ measurement of depositing film thickness, amount deposited, 

and growth mode.   

 

In addition to 8” substrate holders, the MBE is equipped with 6” substrate 

holders, a 4” substrate holder, and two clip holders used for smaller samples.  The clip 

holders are unable to reach the same temperatures as the wafer holder rings, due to the 

metal of the clip holder between the substrate heater and the small substrate or sample.  

SrTiO3 substrates could only use the clip holder within the MBE, limiting their 

experimental temperature range.  

 

C. Cleaning Procedures 

Each of the substrates was subject to a cleaning procedure prior to deposition (to 

allow 2D epitaxial deposition without pinholes or island formation), and the procedure 

used varied by substrate and additional learning.  The first three discussed here are the 

result of a learning curve, such that earlier Si(001) substrates were cleaned with HF last, 

and later ones with ozone followed by strontium deoxidation.  Several oxide substrates 

(SrTiO3) were also used in this study, and the substrate preparation for these substrates is 

listed below as well.   
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1. HF Last 

 In smaller MBE systems, it is typical to simply and quickly heat a silicon 

substrate to a high enough temperature that the SiO2 (native or the result of RCA cleaning 

or ozone treatment) forms volatile SiO, which desorbs to create the 2x1 silicon 

reconstruction without oxidation (to SiO2) occurring.  At 600°C, the abrupt transition 

from SiO2 passivation to SiO volatilization requires a pressure below 10-10 Torr; 700°C: 

6x10-9 Torr; 800°C: 7x10-7 Torr; and 900°C: 3x10-5 Torr.2-3  However, the larger 

manipulator and chamber size associated with 8” substrate capability limit the attainable 

temperatures and heating rates of this system.  Early testing indicated that direct SiO2 to 

SiO conversion and SiO desorption could not occur in a reasonable time in this chamber 

(though background pressures in the chamber generally decreased with use over the 

course of this research).  Therefore, a well-recognized method for eliminating SiO2 was 

used initially.4  This included an RCA clean,5 followed by submersion in hydrofluoric 

acid (here, a buffered oxide etchant with ammonium fluoride was used) and a deionized 

water rinse just before loading the substrates into the chamber.  The purpose of this HF 

last step is to terminate the silicon at the surface of the substrate with hydrogen by 

etching away the oxide layer and replacing each Si-O-Si bond with two Si-H bonds.  A 

clear 1x1 silicon pattern is visible in the RHEED system.  This hydrogen termination 

protects the surface of the substrate against oxidation while loading, and begins to desorb 

in the chamber upon heating to 400-500°C.  Although there is some discussion6-8 over 

how long the hydrogen-termination of the silicon substrate lasts and whether the water 

rinse dislodges some of this protective layer, the RHEED patterns of the substrates 
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cleaned in this manner did reveal the 2x1 reconstruction typical of clean silicon at 

temperatures of about 800°C, shown in Figure 5.  However, in order to complete the 2x1 

reconstruction before oxidation impedes it, the growth chamber must have pressures 

below 1x10-7 Torr.   The HF-last cleaning procedure required temperatures near the limit 

of the NCSU MBE system to achieve a complete 2x1 reconstruction of silicon and was 

inconsistent, due to variations in exposure time as well as system pressures and 

temperatures (especially following system bake-out), so a more reliable method was 

needed.   

Figure 5. RHEED pattern of 
Si(001) 2x1 reconstruction, in the 
<110> direction 

 

 

2. Sr Deoxidation 

 In an effort to reduce the temperature requirements of substrate cleaning and 2x1 

reconstruction, a strontium-catalyzed SiO desorption was employed, following the 

method of Motorola9 (a gallium beam can also be used10).  The substrates are RCA 

cleaned, then loaded into the chamber.  A faint 1x1 silicon pattern is visible by RHEED 

through the thin oxide layer on the surface.  At the beginning of the growth run, each 

substrate is heated to 535°C, where at least a monolayer of strontium is deposited.11  This 
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strontium layer is believed to act as a catalyst for the SiO2   SiO reaction at the 

substrate surface as the substrate is heated.11-12  Once the substrate reaches about 750°C, 

the SiO2  SiO reaction proceeds rapidly, and the 2x1 silicon reconstruction pattern 

emerges in the RHEED pattern.  Unlike the HF-last procedure, the 2x1 silicon 

reconstruction pattern does not appear by RHEED until a fairly high temperature, as the 

oxide layer is eliminated.  Some strontium remains on the silicon surface, even after 

reconstruction.11-14  With simple Sr deoxidation, SiC spots were sometimes observed in 

RHEED, finally leading to ozone treatment of the wafers before Sr deoxidation.  No 

samples with SiC evident were used for epitaxial oxide growth tests.   

 

3. Ozone/Sr Deoxidation 

In order to reduce carbon contamination, an ozone oxidation step was added; the 

substrates were exposed to flowing ozone from an ozone generator for several minutes 

before loading them into the MBE.  The ozone reacts with any carbon on the surface, 

forming gaseous carbon dioxide, in addition to forming a thicker oxide layer on the 

surface of the silicon.  For many of these samples, the RCA cleaning step was eliminated.  

Once in the chamber, a very faint 1x1 silicon pattern is visible with RHEED through the 

oxide layer.  Sr deoxidation follows, exactly as described above.  Note that no delineation 

will be made between this wafer surface preparation method and the previous method for 

the remainder of this thesis.  For further reduction of carbon and oxygen contamination, a 

repeated ozone/HF dip/ozone procedure is generally recommended;15 however, no 

evidence of carbon contamination was seen in the RHEED patterns using the two-step 
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process in these experiments, so repetitive cleaning was deemed unnecessary for the 

purposes of this research.   

 

4. Oxide substrate cleaning 

 The SrTiO3(001) substrates used in these experiments were cleaned using a 

procedure following Koster.16  Each substrate is first rinsed in deionized water, then 

dipped into buffered oxide etch (BOE) for several minutes, and finally rinsed in 

deionized water again before loading the sample into the chamber.  The initial water 

treatment serves to promote hydroxylation of the SrO layers on the SrTiO3 surface, 

allowing preferential etching of the SrO layers when submerged in BOE.  This procedure 

can be repeated, if necessary, and results in a TiO2-terminated surface of SrTiO3 to begin 

deposition (a more energetically favorable surface for epitaxial film deposition).17-18  The 

pH of the BOE solution should be kept between 4.4 and 4.6 to avoid etch pits or islands.  

Gross used this method for SrTiO3 substrates successfully.19    

 

D. Analysis Equipment and Description 

A description of the in-situ RHEED system and other analysis techniques used, follows.   

 

Reflection High Energy Electron Diffraction (RHEED): All deposition runs are done 

with a substrate manipulator height setting of 1” on the NCSU MBE, which yields an 

incident angle of ~1-2°.  The RHEED electron gun settings are generally 8.0kV, 2.2A 

filament current, and 2.2mA emission current, and most observations are from the <110> 

direction of silicon.   
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Quartz Crystal Rate Monitor (QCR) aka Quartz Crystal Microbalance:  Inficon XTC/2 

controller measuring frequency change related to mass deposited on gold-coated quartz 

crystals, correlated via a tooling factor, density, and z-ratio to the actual deposition rate of 

the material at the substrate.   

 

X-Ray Diffraction (XRD): two systems used to determine film orientation, quality, and 

lattice parameter 

-Bruker AXS D-5000 diffractometer equipped with a large-area detector, with Cu Kα 

radiation (30kV, 20mA) 

-Rigaku XRD machine (27.5 kV, 20 mA) 

 

Secondary Ion Mass Spectrometry (SIMS):  Cameca IMS 6f, using O2+, O-, or Cs+ 

sources, as required, to determine relative amounts of specific elements through the depth 

of a sample.   

 

Rutherford Backscattering Spectroscopy (RBS): two systems used to check stoichiometry 

and alignment of epitaxial oxide films on silicon 

-UNC-CH: 1.6MeV He+ ions; simulations performed using RUMP program   

-Rutgers: 2 MeV He+ ions; simulations performed using SIMNRA program   

 

Atomic Force Microscopy (AFM): CP Research AFM by Thermo Microscopes, Inc., 

used to determine surface roughness and morphology of films and substrates.   
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Transmission Electron Microscopy (TEM):  two systems used to look at interface, 

crystallinity, and check oxide at interface 

-Topcon 002B 200kV thermionic source 

-JEOL 2010F 200kV Schottky source (also used for Electron Energy Loss Spectroscopy 

(EELS) and Z-contrast imaging) 

 

C-V measurement system: HP4192A impedance analyzer, frequency 1MHz, with shadow 

mask contacts about 220µm diameter.  Capacitance used to determine Equivalent Oxide 

Thickness (EOT) of as-grown and annealed epitaxial films and amorphous interfacial 

layers on silicon.   

 

Spectroscopic Ellipsometry: J.A. Woollam Co. VASE unit, 75° angle of incidence, 

spectra range from 250-800nm.  The degree of crystallization can be determined since the 

optical properties of crystalline silicon are different from amorphous silicon.  As in 

previous spectroscopic ellipsometry characterization of polycrystalline silicon,20 the 

upper silicon layer was modeled as a combination of amorphous and crystalline silicon, 

with the crystalline fraction as one of the regression parameters. 

 

Pyrometer:  InSitu 4000 2-color pyrometer calibrated for silicon emissivity, to determine 

silicon substrate temperature above a 400°C limit.   
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Rapid Thermal Annealing (RTA): AG Associates Heat-Pulse 210 system, with flowing 

nitrogen or forming gas (1% H2 in N2).  Heating rate is approximately 60-90°C/s using a 

quartz lamp.  Quickly anneal samples to avoid long thermal exposure and limit reaction 

and diffusion in the sample.   

 

E. Establishing Baselines 

 To achieve accurate representations of the growth conditions, both for during the 

growth process and to allow comparison with other researcher’s work, a variety of 

measurements were taken of the MBE’s critical components, to serve as documentation 

of actual conditions based on available settings and capabilities of the MBE.  These data 

are then used to determine what settings will achieve the growth conditions needed for a 

given heating step or film deposition.   

 

 The most important of these measurements is the calibration of the manipulator 

heater, because it affects every procedure.  While the manipulator heater is equipped with 

a thermocouple upon which ramping is based, the thermocouple is somewhat removed 

from the substrate and substrate holder.  Generally, the thermocouple reads temperatures 

that are higher than those the substrate is experiencing, because it is closer to the heating 

coils.  To calibrate, a standard 6” silicon wafer is loaded into the chamber and heated to 

the highest reasonable temperature (temperature in this chamber is limited to about 

930°C—800°C by the pyrometer—because of power limitations on the resistively heated 

substrate heater), then slowly cooled while a pyrometer aimed at the substrate through a 

chamber window measures the actual temperature.  The results are shown in Figure 6.  
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The orange and blue data points are from two separate trials, at slightly different cooling 

rates, where the temperatures indicated during a slower cooling rate would be more 

accurate than those of a faster cooling rate.  A perfect correlation is indicated by the thin 

purple line, and the thick dark red line reflects the estimated fit based on the data.  Above 

temperatures of 660°C, the two-channel pyrometer measurement is more accurate than 

the single channel measurement, and the one-channel reading becomes less accurate at 

low temperatures, so its reading is limited to 400°C here.   

 

Note that most of the temperatures in this research were originally taken as 

thermocouple readings, but all were converted using the estimated fit in Figure 6 to 

“actual” temperatures for inclusion in this thesis.  All thermocouple temperatures below 

400°C are assumed correct.  However, all of the temperature ramping is accomplished 

through a Eurotherm (Leesburg, VA) controller reading directly from the thermocouple, 

so any temperature ramping rates listed in this work reflect ramp rates which were used 

on this MBE, and may not be directly applicable to another system.   
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Thermocouple vs. Pyrometer Temperature Data
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Figure 6.  Manipulator thermocouple temperature readings compared to pyrometer 
temperature measurements.   
 

 

 Each of the sources was also individually characterized over a range of setpoints 

as well as over time, with deposition rates measured by a quartz crystal rate monitor 

(QCR).  The QCR requires density, Z-ratio, and a tooling factor, and it determines the 

depth of film deposited based on the quartz crystal’s frequency (as it relates to mass 

deposited) and these data inputs.  There are many problems with this method of film 

thickness determination, especially as related to this research.  First, the QCR cannot tell 

the difference between depositions of barium and barium oxide.  It assumes that 

whichever set of values were input are the correct ones for whatever is depositing on its 

surface.  Therefore, if an oxide film is not fully oxidized, for example, it will determine a 
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different film thickness than what might actually be depositing.  Second, while the 

tooling factors can take into account differences in metal deposition between the QCR 

and the substrate, it is not necessarily true that the QCR will see the same oxygen 

pressure as the substrate, especially in a large chamber such as this one (therefore going 

back to the first problem).  This latter problem was partially addressed by installing an 

extendable QCR, so that the deposition measurements are actually taken about 1½” away 

from the substrate center and 1-2” below the manipulator.  A false reading is also 

observed if a material depositing on the QCR reacts with a previously deposited material.  

A significant temperature difference between a water-cooled QCR and a possibly heated 

substrate could result in anomalous deposition readings.  However, placing the 

extendable QCR near a heated substrate could cause it damage, and would certainly make 

the cooling water running through the QCR head much less effective.  The accuracy of a 

QCR is limited by the deposition rate and its data output capability; that is, measurements 

read periodically off a frequently updating screen are inherently more accurate when 

determining to the nearest angstrom amount deposited with 60Å/min deposition rates 

than with 4Å/min deposition rates (though the ability to see or save all this data as 

individual readings of depth deposited versus time would eliminate this problem).  This 

problem is especially relevant in this work, where most depositions are rather slow so 

that the changes in the RHEED pattern can be accurately captured and evaluated.  

Because of the slow rates involved, a deposition rate measurement of at least ten minutes 

is performed prior to runs, for each source, whenever possible, and especially when 

attempting stoichiometric films.  This calibration allows determination of the average 

deposition rate measured to the tenth of Å/min, an accuracy which could result in up to 
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3% possible error in stoichiometry at typical rates for these experiments.  One method 

which is commonly used to confirm a QCR’s deposition measurement is a thick 

deposition on the QCR and a partially shielded substrate, whose film thickness can be 

measured ex-situ.  However, this method was attempted, to assist in a particularly 

difficult tool factor determination, and found to be inaccurate and not sufficiently precise 

for this work.   

 

Finally, the QCR is especially sensitive to temperature fluctuations.  Any time a 

shutter from a hot source is opened to begin deposition, the measured film thickness 

quickly becomes negative (or the amount becomes smaller), so that the deposition of the 

first several minutes must be assumed based on deposition rates once the temperature has 

settled.  A way around this difficulty is to close the main shutter and allow the sources 

shutters to be open before deposition begins.  This allows measurement of the deposition 

rate prior to depositing on the substrate, so that the negative effect on the QCR of the 

source shutters is no longer a problem—although if the substrate is heated, there will still 

be an effect on the QCR when opening the main shutter.  A good example of the 

temperature sensitivity phenomenon of the QCR is illustrated in Figure 7.  In this case, 

the deposition rate of barium is measured over time (density was set to 1.0g/cm3 in order 

to maximize measurement accuracy, but rates shown were calculated after converting to 

the correct density for barium).  The blue diamonds represent data taken while the 

manipulator heater was set to 200°C, with the main shutter closed (which is several 

inches away from the QCR used), and the manipulator over three inches away from the 

main shutter.  The effects of the manipulator heating cycle are obvious in the data, 
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compared to the orange triangle data points where the manipulator heater was set to 25°C 

(where no heating would occur during the measurement).    

 

Changing Deposition Rate with Manipulator Heating 
(during Ba flux test 12/13/04, density set to 1.0)
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Figure 7.  QCR readings are significantly affected by heating cycles of the manipulator 
heater. 
 

A later test also indicated that the QCR is even sensitive to manipulator heating 

cycles through the divider door (a much thicker piece of metal, for which the manipulator 

needs to be at least five inches away from the growth position).  Unfortunately, there is 

no easy way to separate the temperature effects from the deposition effects on the QCR; 

an identical shielded QCR beside the rate-measuring one could be better than nothing, but 

is not easily possible in this MBE.  Another research group uses a combination of 

equipment to determine deposition, where the RHEED system is used to calibrate the 
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QCR (in this way, the tooling factor then includes any sticking coefficient difference 

which might exist between a hot substrate and the cold QCR crystal), then the QCR is 

used to calibrate Atomic Absorption spectroscopy, and finally the AA is used to 

accurately measure deposition of the metal.21  The disadvantage of this method is that this 

process would have to be repeated for each metal and substrate temperature used.  (And 

the NCSU 8” MBE does not have AA at this time.)  There are other rate measurement 

tools on the market, but these are typically designed for thick films, not many of which 

were grown in this study.  One example is k-space Associate Inc.’s RateRat, which can 

determine deposition rate once 350Å of material is deposited.22  Taking the challenges of 

using QCRs into consideration during growth is critical in ensuring a quality film 

deposition.   

 

 Baselines were also established for the effusion cell operation over time and 

temperature, Ti-ball operation over time and power, as well as approximate oxygen 

pressures needed in the chamber to oxidize various metal sources.  A selection of this 

data is shown here.  The effusion cells’ deposition rates depend exponentially on their 

temperature, which is directly controlled with a Eurotherm controller and a thermocouple 

at the source.  An example of deposition rate over temperature is illustrated in Figure 8, 

for calcium in a low-temperature effusion cell.  The fitted line shows the exponential 

dependence.   
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Figure 8.  Exponential dependence of deposition rate, measured by a QCR, 
over effusion cell temperature for calcium in a low-temperature effusion cell.   

 

 

Generally, the effusion cells are relatively stable sources over time, for short times.  

With longer deposition times, temperature drift can cause a reduction in deposition rate.  

A comparison is shown in Figures 9 and 10, for barium and strontium in low-temperature 

effusion cells.  Also note that the lower a deposition rate, the less accurately the rate can 

be monitored (as a percentage of deposition), an effect which can also be observed in 

these figures.  Over a very long time, perhaps months of deposition on samples, the 

deposition rate can also decrease due to less material in the crucible.  This time can be 

significantly shorter if the tooling factor of the QCR is not correct.  Typically, the 

effusion cell crucibles are designed to keep the flux constant even with loss of material.  

However, in some cases during this research, a premelted source is used to prevent 

significant oxidation of the source material during vacuum system openings.  The 
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premelted metal was not neatly collected in the bottom of the crucible, and the metal did 

not melt during deposition, effectively thwarting the crucible’s constant flux design.   

 

Ba deposition rate with time, Teff=550°C (12/13/04)
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Figure 9.  Relatively stable deposition rate over time after initial heating of 
barium in low-temperature effusion cell.   
 
 
 

 The Ti-ball source is controlled by power supply current, instead of temperature 

or power.  An example of its deposition rate over several currents is illustrated in Figure 

11.  Because the controlling parameter is current instead of power or temperature, 

temperature fluctuation in the Ti-ball source leads to much more significant dropoff in 

deposition rate than the effusion cells.  A calcium effusion cell and Ti-ball deposition rate 

comparison over time is shown in Figure 12.  If the change in titanium deposition rate 

illustrated here (the worst drop encountered during testing) continued over an hour, the 

titanium deposition rate would drop 47% of its average deposition rate for the first ten 

minutes, resulting in a stoichiometry error of up to 16%!  Various methods were used to 
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combat the deposition rate dropoff effect on stoichiometry of the films, with moderate 

success.   

 
 

 

Figure 11.  Ti-ball source deposition rate over several setpoint 
currents.   

Figure 10.  Decreasing deposition rate over longer time of strontium in a low-
temperature effusion cell (initial heating not included in graph).   
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Figure 12.  Deposition rate dropoff comparison of calcium in an 
effusion cell versus the Ti-ball source.   

The QCRs were also used to determine what oxygen pressure is required to f

etal depositing from these sources.  In this case, a rough guideline was 

ecause the films would be subjected to a higher oxygen pressure followin

growth.  Results of this baseline are shown in Figure 13 (the barium source caused high 

pressure in the chamber, resulting in its higher pressure starting point).  These values for 

the NCSU MBE are fairly consistent with those observed by another research group f

 

 

ully 

oxidize the m

sufficient, b g 

or a 

much sma ow controllers (MFC) were used for 

some depositions as the oxygen source, a baseline determination was measured for 

pressure in the growth chamber during deposition when the MFC is at a setpoint.  Figure 

14 shows very little pressure change in the anneal chamber once the MFC stabilizes, but 

oxygen pressure in the growth chamber increases gradually and begins to stabilize after at 

ller MBE.23  Finally, because the mass fl
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least ten minutes.  However, the barium/strontium/oxygen deposition rate does not 

change significantly during this process, once the main shutter is opened.  Therefore, the 

BSO film depositing is sufficiently oxidized despite lagging oxygen pressure at this MFC 

setting.   

 

Figure 13.  Rough measurement of oxygen pressure 
required to fully oxidize various metals from 
effusion cell sources.   
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Pressure and BSO Deposition with MFC=0.15sccm O2
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Figure 14.  Comparison of anneal and growth chamber pressures 
using MFC oxygen source and the effect on BSO deposition.   
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IV. ROCK-SALT STRUCTURE TEMPLATE OXIDES 

 

A. Literature Review  

Interest in epitaxial oxides for the semiconducting industry began during the 

search for alternative gate oxide materials.  McKee et al. were the first to grow a 

commensurate, crystalline oxide (SrTiO3) directly on silicon.1  A BaO-SrO solid solution, 

which can be lattice-matched to silicon at various temperatures, was grown on silicon by 

Lettieri et al. to demonstrate the possibilities of heteroepitaxy of alkaline-earth oxides on 

semiconductors.2  Both of these methods include using a strontium passivation layer at 

about 700°C, then low temperature (25-200°C) deposition of additional strontium 

followed by the oxide.  This work not only showed that epitaxial oxide deposition is 

possible on silicon, but that a lattice-matched oxide solid solution could be deposited at 

low temperatures and relatively low oxygen pressures.  However, it was not determined 

whether epitaxial silicon could be deposited on the epitaxial Ba1-xSrxO (BSO) solid 

solution.  Epitaxial silicon deposition on the BSO layer would require lattice-matched, 

single crystal epitaxial BSO with low density of defects, which means that a thin BSO 

layer would be needed to remain commensurate with the silicon substrate.  Silicon 

deposition on the BSO template requires low oxygen pressure and a temperature 

sufficiently high to allow device quality 2D epitaxial growth.  One primary concern of 

the BSO template layer is that it may not survive to a sufficiently high temperature for 

high quality silicon deposition.3   
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Previous work indicates that although SrO has been experimentally demonstrated 

as having a stable interface with silicon,4 BaO in contact with Si will begin to form 

BaSiO3 or Ba2SiO4 at temperatures in the range of 500-700°C, in air.4,5  However, there 

is some discrepancy over the extent of silicate formation during heating in a vacuum 

environment.  While McKee was able to deposit thick BaO on silicon using a BaSi2 

interface layer with no silicate reaction in 10-4-10-7 Torr at up to 800°C,4 Il’chenko 

reports silicate formation at 500°C for 5 minutes under similar vacuum conditions, due to 

the reduction of BaO by silicon.5  Kado and Arita deposited BSO on silicon in 1988 and 

report that it is possible to deposit BSO from electron-beam SrO and BaO sources in 

pressures <5x10-7 Torr at optimum temperatures of 780-800°C, followed by silicon solid 

phase epitaxy at 700-800°C.6  If this report is true, then BSO should be stable enough for 

through-oxidation, at least, though silicon deposited at these pressures would not be 

device quality silicon.  A graphical representation of the stability of rocksalt structures 

over temperature and pressure from literature is shown in Figure 15.   
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Figure 15.  Graphic representation of stability conditions for rock-salt 
oxides from literature, compared to expected conditions for processing 
following oxide growth.   

 

 

B. Experimental Procedures 

Rock-salt structure oxide growth is modeled directly after the Schlom and McKee 

approaches, modified for the NCSU MBE.  Magnesium oxide, strontium oxide, barium 

oxide, calcium oxide, and (barium, strontium) oxide depositions followed this procedure.  

The Si(001) substrates are typically cleaned as described above (Section III.C.1) and 

loaded into the chamber.  A few of the deposition runs described here used the Sr 

deoxidation technique instead (Section III.C.2), but the HF-last cleaning was used more 

often and the growth procedure following this cleaning method will be described here 

and illustrated in Figure 16.   
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a) Si substrate 
(RT) 

b) Si substrate 
(800°C) 

c) 1/6 ML Sr 
deposition (635°C) 

 

d) 1/2 ML total Sr 
deposition (635°C) 

e) 1 ML total Sr 
deposition (25°C) 

Figure 16.  RHEED patterns of preparations for rock-salt oxide depositions, from an HF-
last substrate 
 

The HF-last substrate is loaded into the main chamber under vacuum, with the 

manipulator heater pre-set above 100°C, to allow any water vapor which may have 

condensed on the substrate to outgas first (as seen in Figure 16a).  After several minutes, 

the run begins.  The manipulator is set to ramp at 20-40°C/min to 920°C “thermocouple 

temperature” setpoint (equivalent to 800°C pyrometer temperature) to desorb the 

hydrogen termination (typically occurs at 400-500°C) and reconstruct the silicon surface 

structure.  Once the 2x1 reconstruction is evident in the RHEED pattern (Figure 16b), the 

substrate is cooled at similar rates to 635°C.  At this temperature, a partial monolayer of 

strontium is deposited on the silicon substrate to passivate the surface against reaction 

during further cooling (Figure 16c,d).  A monolayer (ML) is defined as the layer of atoms 
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at the surface of the sample; for a (001)-oriented silicon wafer, this value is 6.78x1014 

atoms/cm2.   

 

There is some discussion in the literature about whether the amount of strontium 

which deposits during this step is a half ML or a quarter ML.1,2  Herrera-Gómez et al. 

analyzed the amount of atomic strontium deposition possible on a silicon substrate based 

on substrate temperature; saturation exposure at 650°C results in 1ML of strontium on the 

silicon surface.  Below this temperature, the saturation coverage is greater than 1ML.7  

We were not able to confirm the amount of strontium deposited during this step in our 

process, but we timed the deposition for a half monolayer (based on the measured 

deposition rate of strontium from the effusion cell) and will refer to this deposition step 

as a half monolayer of strontium.   

 

The sample is then cooled to about room temperature (18-200°C), where a second 

half monolayer of strontium is added (Figure 16e), to protect the silicon from oxidation 

during the imminent rock-salt structure template oxide growth step.  Deposition of this 

template oxide involves co-deposition of constituent metal atoms, along with flowing 

oxygen.  The metal deposition is begun first from the effusion cells, with the main shutter 

still closed, and the oxygen flow is generally controlled by a mass flow controller.  (Note: 

use of the leak valve was attempted for this template oxide growth, but using the mass 

flow controller seemed to work better for these oxides.)  Once the oxygen pressure begins 

to stabilize (30 seconds to several minutes), the main shutter is opened to allow 
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deposition on the substrate.  Each deposition step is monitored by RHEED, with several 

spot intensities as well as approximate d-spacing captured over time.   

 

During SrO and BaO deposition, the strontium or barium deposition rate 

(measured without flowing oxygen) is ~4Å/min, and oxygen pressures range from 2-

5x10-8 Torr in the growth chamber with 0.15sccm O2 entering the anneal chamber.  The 

combined barium and strontium rates and oxygen pressure used for Ba1-xSrxO (BSO) are 

higher, up to 6Å/min and (0.15sccm) 1x10-7 Torr in the growth chamber, with the 

individual barium and strontium rates adjusted for the Ba:Sr ratio of interest.   

 

The barium to strontium ratio used to match silicon’s lattice parameter is 

determined based on a solid solution of BaO and SrO, assuming a linear change in lattice 

parameter with composition.  In this case, the temperatures of the materials must also be 

taken into account.  First, the BSO film will be deposited on a silicon wafer at ~room 

temperature (RT), so a Ba:Sr ratio of 68:32 is appropriate, as shown in Figure 17.  

However, silicon will also be deposited on this film at a higher temperature (but not 

higher than 600°C).  At this temperature, a ratio of 61:39 gets the lattice parameter very 

close to silicon’s.  A compromise is made, to minimize lattice parameter differences at 

both temperatures, by lattice matching with silicon between the two deposition 

temperatures, about 350°C.  This results in an “ideal” Ba:Sr ratio of 64:36 used for these 

experiments.  Deposition rates are measured and compared to this composition (where 

the barium metal deposition rate must be 2.07x the strontium metal rate) before BSO 

deposition begins on the substrate.   
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Figure 17.  Representation of lattice-matching Ba1-xSrxO to silicon, at a given 
temperature 

 

   

C. Growth Results 

CaO, SrO, BaO, and BSO were successfully epitaxially deposited on silicon.  The 

CaO films were mostly 3D by RHEED, but SrO, BaO, and BSO could be deposited with 

a 2D surface structure, as seen in the RHEED patterns of thin CaO, SrO, BaO, and BSO 

films on silicon shown in Figure 18.  Monolayer by monolayer, or 2D, growth is 

preferred for these films to provide a flat interface for later silicon deposition, as well as 

for observations of growth by RHEED spot intensity oscillations.   
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3ML SrO3ML CaO

Figure 18.  RHEED patterns of thin films of CaO, 
SrO, BaO, and BSO on silicon. 

3ML BSO3ML BaO

 

 

 X-ray diffraction patterns of SrO and BaO films are shown in Figure 19.  These 

are ~125Å oxide films on two separate Si(001) wafers, both capped with polycrystalline 

silicon.  The 2θ and χ scans confirm (along with RHEED results) that both films are 

single crystal and (001) oriented.  Due to larger lattice mismatch with Si, the FWHM in χ 

(tilt) for SrO is larger than that of BaO.  No x-ray diffraction of BSO (as an oxide) was 

taken, partly because of the likelihood of hydroxide formation, but mostly because the 

film would be overshadowed by the silicon peak (as their lattice parameters should be 

very close).   
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Figure 19.  XRD of SrO and BaO films on silicon 

 

 

  Based on the successful 2D growth and {001} orientation of BaO and SrO were 

confirmed, experiments then focused on creating a solid solution of the two oxides, BSO.  

RHEED intensity oscillations reveal that BSO can be grown with a 2D surface structure 

for much thicker films than either SrO or BaO alone.  While only 5 oscillations were 

observed for SrO, and 7 for BaO (see Figure 20), up to 23 oscillations were discernable 

during BSO growths.  Intensity oscillations of a Ba0.66Sr0.34O sample are graphed in 

Figure 21.  The decreasing intensity and damping of oscillations seen in Figure 21 is 

consistent with observations of surface roughening during codeposition and the lattice 

mismatch between BSO (optimized for silicon at 350°C) and room temperature silicon.2,4   
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BaO Deposition at 56°C
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Figure 20.  RHEED spot intensity oscillations for SrO (left, 5 oscillations) and 
BaO (7 oscillations) depositions on silicon. 
 

Figure 21.  23 RHEED oscillations observed for BSO growth, with RHEED pattern 
spots of interest indicated 
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Rutherford Backscattering Spectroscopy (RBS) is used to confirm stoichiometry 

f the BSO films.  Figure 22 shows the raw data (black) of a 138Å BSO film, capped 

with Si

Figure 22. RBS spectrum (black) and simulation 
(red), confirming 0.64Ba:0.36Sr in the BSO film 

 

 

. Stability Testing 

In order to complete the Floating Epitaxy SOI structure, the epitaxial oxide 

ithstand the through-oxidation step as well as silicon deposition on 

top.  W ably 

ty) 

o

O2, and the simulation fit (red) confirming a composition of 0.64 Ba : 0.36 Sr.   

 

Si
Sr

Ba

O 

Channel

D

template layer must w

hile the through-oxidation step will require high oxygen pressures at a reason

high temperature, high quality silicon deposition requires very good vacuum to avoid 

oxygen impurities in the film as well as high temperatures.  Epitaxial oxide stability 

limitations with temperature may limit the deposition temperature (and therefore quali
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of the top silicon layer.  The stability of these oxides is tested against these condition

the epitaxial oxide film must not react with silicon or SiO

s; 

ing 

pitaxy, of SrO, BaO, and BSO, were heated in vacuum (~5x10-9 Torr) in the 

thicker BSO film, 10ML, with a 125Å silicon capping layer (deposited 

t either room temperature or 450°C, and needed for the ex-situ heating) was 

 

The fir BE, clearly indicated that BSO is a more 

able oxide than SrO or BaO, so the second stability test was only performed on BSO.  

r 

 

2 during heating in oxygen or 

vacuum, must remain epitaxial and single crystal, and should, if possible, remain a 

relatively flat surface.  Several heating methods are used to test the oxides’ stability: 

 

-Three monolayer thickness films, comparable to what would be used in Float

E

MBE at a slow ramp rate (6°C/min), while the film surface was observed via 

RHEED.   

 

-A slightly 

a

heated by Rapid Thermal Anneal (RTA) in forming gas (1% H2 in N2), and held 

at 600°C or 1000°C for ten seconds.   

st stability test, under vacuum in the M

st

RHEED patterns for the three stability tests in vacuum are shown in Figure 23.  It is clea

that the BSO has a better epitaxial structure from the much stronger quality and intensity

of its RHEED patterns.  The patterns of both the SrO and the BaO consist of fuzzy lines, 

indicating 2D epitaxy, with some roughness.  The BSO, on the other hand, has distinct 

spots in its RHEED pattern, indicating a smoother surface and 2D epitaxy.  In addition, 

the stability of 3ML of BSO is much better (amorphous by 585°C) than the same  

65 



SrO BaO BSO 

 

Figure 23.  RHEED images from stability tests of 3ML epitaxial oxides on silicon; listed 
temperatures are thermocouple temperatures, except italicized pyrometer temperatures. 
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t hous by 500°C), and slightly better than SrO (amo y 

575°C).  These lower temperatures match expectation based on BaO reactivity with 

silicon as well as the greater latti atch of the BaO and SrO films on silicon 

compared to the BSO.  Details of the RHEED investigation of BSO stability follow, with 

additional images from before the heating began.   

 

The RHEED pattern of 3ML of BSO immediately after deposition is shown in 

Fig  After nine minutes (2  intensity has increased because the sample 

surface smoothes once deposition is completed.  After 2 hours in vacuum at room 

tem  (24c), the intensity has diminished significantly- so the surface has begun to 

degrade even without

hickness of BaO (amorp rphous b

ce mism

ure 24a. 4b), the

perature

 air exposure.  However, the intensity partially recovers by 150°C 

(24d), indicating that there may be a reaction with residual water vapor in the chamber.  

There is m rked improvement in the quality of the RHEED pattern by 465°C (24e), 

though it does not quite reach its intensity of the pattern taken several minutes after 

epitaxy finished.  This improvem  indication of t etry of 

the BSO film; that is, within the error of the deposition control, this may be the 

temperature at which this particular film has perfect lattice-matching to the underlying 

silicon substrate.  However, continuing to heat reveals a signif duction in intensity 

by 535°C (24f), and the surface is completely amorphous by 585°C.  This temperature 

ran istent with that observed by Lettieri et al. for the O thickness.2   

Based on these results, intermediate temperatures for short times might be acceptable.   

 

a

ent may be an he actual stoichiom

icant re

ge is cons  same BS
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In addition, thicker samples of BSO generally had 

better RHEED patterns than thinner samples at the same 

temperature during heating, indicating reactions begin at the 

Si-BSO interface.  Literature suggests that for device quality 

homoepitaxial silicon deposition, substrate temperatures 

ust be 650°C at a minimum,8 and typical substrate 

temper

 

 

 

 

patterns of BSO heating. 

 
e 

me 

used for investigation of silicon on top of a thicker BSO template film.  The Secondary 

Ion Mass Spectroscopy (SIMS) profiles in Figure 25 show the relative intensity of 

m

atures for silicon deposition are 800-1000°C.  The 

temperature stability limit determined here (taken as where 

the RHEED pattern visibly begins to degrade) is 535°C for 

BSO in UHV.  However, the BSO template layer must 

remain epitaxial BSO for some time at temperature during 

silicon deposition.   

 

 

 

 

Figure 24.  RHEED 

 

Based on the 535°C BSO stability limit from the in-situ stability test and becaus

some surface degradation was evident after two hours at room temperature (reaction ti

typically decreases as temperature increases), a reduced temperature limit of 420°C was 

a 

b 

c 

 

d 

e 

f
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elemen  af 000°C RTA (to 

cessing).  The purpose of the 

crystallize in a high 

effects of st heating cycle on 

se are not concentrations, the barium 

 the sam  matrix.  Even with 

ed into the deposited silicon.  With 

 by 1000°C.  It appears that 

strate, bu  is in part due to the 

curred by 420°C, silicon was deposited on BSO 

t room temperature for comparison (also shown in Figure 25).  Room temperature 

eposition will not be very high quality silicon, but may be better for BSO/Si stability.  

ith room temperature silicon deposition, much less diffusion is evident in the as-

eposited sample, but even this sample had significant reaction and diffusion of the 

barium and silicon in only ten seconds at 1000°C.  The SIMS profile in Figure 25 shows 

that silicon still diffused into the BSO, and Ba (more so than Sr) diffused into the silicon 

substrate.  These results disagree with those of McKee et al., in which epitaxial BaO 

films 10nm and thicker were reported to be “impermeable to silicon” up to 800°C.   

However, they also reported that codeposition of BaO would cause surface roughening, 

which could allow the silicate reaction to occur more easily in this codeposited BSO than 

their sequentially deposited BaO.  This apparent diffusion of barium and strontium into 

ts in the stack as-deposited, after a 600°C RTA, and

mimic processing conditions of semiconductor device pro

rapid thermal anneal is twofold: the amorphous silicon may re

temperature anneal, and the diffusion and roughening 

this Si-BSO-Si stack can be evaluated.  Because the

profile can only be compared to another barium profile in

silicon deposition at 420°C, barium has already diffus

further heating, there is further reaction evident, especially

barium and strontium also diffused into the silicon sub

knock-on effect of SIMS.   

 

Because a reaction has already oc

ter a 1

 a fa

e

t this

a

d

W

d

4
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the silicon substrate warrants a closer look, to determine how much is actually diffus

and how much is the knock-on effect from SIMS analysis.   

 

 

ion, 

 

t 

Figure 25.  SIMS profiles of Si/BSO/Si(001), heated by RTA for stability testing. 

 

 

An 800Å film of BSO on silicon was heated to 700°C and measured with SIMS.  

The BSO film was then etched off the silicon (see Figure 26), and the measurement was 

repeated.  Comparing the barium and strontium profiles before etching (thick lines) to

those after etching off the BSO film (thin lines), shown in Figure 27, it is obvious tha

there is a significant knock-on effect from BSO into silicon.  However, it also shows 

significant diffusion of barium and strontium into the substrate, 1017-1019 atoms/cm3.   
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Figure 26.  BSO film etched off 
right side of sample; completely 
etched off sample shown at top.   

 
 

 

 

n 

 

 

Based on these results and the literature results discussed above, it seems likely that BaO 

~800Å BSO on Si, heated to 700°C in 
ultrahigh vacuum
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Figure 27.  SIMS depth profile comparison with and without film after heating, showing 
k
substrate due to heating.   

nock-on effect and estimated concentrations of barium and strontium in the silicon 

 

A determination can now be made for BSO on silicon interface stability, based on

the results discussed above.  A surface reaction is evident in RHEED by 535°C, and 

diffusion has begun in RTA by 600°C.  SIMS shows that barium diffuses into the silico

deposited at 420°C; there is significant reaction in the stack by 1000°C, even for very

short times; and both barium and strontium diffuse into the silicon substrate by 700°C. 
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is reacting to form barium silicate, so more barium content would mean more stability 

problems.   

 

E. Concluding Remarks 

Barium-strontium oxide can be epitaxially deposited on silicon.  2D epitaxial 

rowth is confirmed by oscillations in the RHEED spot pattern during BSO deposition.  

RBS confirmed the appropriate stoichiometry for lattice-matching to silicon at 350°C, a 

temperature appropriate to minimize mismatch at both the BSO growth and the 

subsequent silicon deposition temperatures.  A thin BSO film on silicon has better 

stability during in vacuum than SrO or BaO, but seems to begin a silicate reaction with 

the substrate by 420°C, allowing diffusion of barium

surface of the BSO degrades by 535°C.  This temperatu

quality silicon.  A graph illustrating the rocksalt ox

temperature and pressure, now including the recent work, is shown in Figure 28.   

g

 and strontium in the structure.  The 

re is not sufficient to deposit high 

ide stability conditions over 
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Figure 28.  Graphic representation of stability conditions for rock-salt 
oxides, compared to expected conditions for processing following 
oxide growth, including the results of this work.   

 

 

This work clearly establishes that a BSO epitaxial oxide template may not be 

sufficiently stable to satisfy the original processing scheme, and therefore may not be 

suitable to use by itself for Floating Epitaxy SOI.  There are a few ways that BSO could 

be used, but changes to the processing scheme would be required.  If using only BSO, the 

template layer could not be taken to temperatures above 450°C before the silicon layer is 

deposited, and the BSO layer would need to be rather thick, so that any reaction which 

begins at the lower interface might not reach the upper interface before a silicon top layer 

could recrystallize.  A different method would involve using germanium first on the 

BSO, because it crystallizes at a lower temperature, then growing silicon on the 

germanium (or grading through a SixGe1-x layer).  Another alternative method to reach 

the SOI structure is to use BSO as a platform for another, more stable, oxide.  Some of 
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the perovskite structures have been successfully grown on BSO,  and could serve as a 

perature template layer for silicon deposition.  Finally, abandoning 

BSO altogether, a different, more stable, oxide which is closely lattice-matched to silicon 

could be chosen.  Options include the perovskites CaTiO3, SrTiO3, or LaAlO3; or the 

2O3, Gd2O3, Dy2O3, or Ho2O3 on Si(111).   
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V. PEROVSKITE STRUCTURE TEMPLATE OXIDES 

 

A. Literature Review  

1. SrTiO

 SrTiO  (STO) has a lattice parameter of 3.905Å, and rotate

3

s 45° in plane with 

spect to the silicon lattice, for a lattice mismatch of about 2%.  Mori and Ishiwara 

posited epitaxial SrTiO3 films on a SrO film on silicon using a focused 

n 

e SrTiO3 film only 

e first to 

uttering 

ubstrate was fully accommodated by lattice strain at 3.5 unit cells, resulting in a 

commensurate perovskite film.3  The layer-by-layer method is based on interfacial energy 

minimization.  The first layer is ¼ ML of strontium deposited at 850°C on a 2x1 

reconstructed silicon wafer, which forms a silicide.3  This layer remains throughout 

cooling to 200°C, where an additional ½ ML of strontium metal is deposited, followed by 

a layer of SrO or BaSrO.3  At this point, further co-deposition could create either a rock-

salt structure or a perovskite, and McKee chose SrTiO3.   

 

 Researchers at Penn State deposited SrTiO3 films using a similar approach to that 

of McKee, involving ozone cleaning followed by Sr deoxidation (strontium from an 

3

re

successfully de

electron beam in 1991, at a substrate temperature of 750°C and followed by an oxyge

anneal at 800°C for hours.1  The SrO film was not epitaxial, but th

oriented (001) if the Sr/SrO layer was present.  The SrTiO3 film exhibited microcracking, 

1 hpresumably due to thermal expansion mismatch.   In 1998, McKee et al. were t

 source shgrow commensurate, crystalline SrTiO3 directly on silicon, using a

method in MBE.   Reportedly, the 2% strain between the SrTiO2-3  and silicon 3 film

s
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effusion c L of 

rontium deposition at 700°C and another half ML at 200°C.4  Molecular oxygen flow is 

-8 Torr, which begins to oxidize the strontium at the surface of the 

then additional strontium is deposited, to create 2-3ML of SrO (the SrO critical 

4

-7 4 en is 

rs 

4  

4 t 

4

4  

a, 

5

O.5   

or deposition by MBE, in a 

mperature range of 200-800°C and pressures “up to 10-5 mBar” (7.5x10-6 Torr) of 

6

ell) or thermal heating, then a passivation layer beginning with a half M

st

started first, to 4-5x10

substrate, 

thickness is 3ML).   Titanium, evaporated from a titanium sublimation source, is then 

deposited in 1-2x10  Torr of oxygen to create 1-2ML TiO2.   At this point, the oxyg

turned off, and the film is annealed in UHV at 550°C to recrystallize the SrO/TiO2 laye

into SrTiO3.   These steps can be repeated for thicker films.  The film/substrate interface

reportedly has no amorphous interfacial layer (AIL).   Deposition testing indicates tha

the stoichiometry of Sr:Ti in the resulting SrTiO3 film is important; too much titanium 

leads to creation of an AIL and TiSi2 at the interface.   Also, the interface and film 

microstructure were found to be independent of cleaning method.   A similar approach

(quasi-amorphous deposition and recrystallization in UHV) was suggested by Norg

based on the assessment that high quality crystalline perovskites need a growth 

temperature greater than 400°C, which is sufficiently high to create an AIL.   This group 

used a BSO buffer on the substrate, and recrystallization would occur from the BS

 

A group from Motorola began to report epitaxial SrTiO3 films on silicon the next 

year, though most of the early results were extremely vague; the first paper specifies the 

use of strontium and titanium metal and diatomic oxygen f

te

oxygen, followed by a post-growth anneal in oxygen to reduce leakage current.   They 

believed there was probably an AIL at the SrTiO3/Si interface, based on the oxide’s 
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measured dielectric constant.  They later confirmed the existence of the AIL, as well as

specified 10

 

 

n 

-7 to 10-5mBar (7.5x10-8 to 7.5x10-6 Torr) during growth, substrate 

temperatures now at 300-700°C, a growth rate of 1ML SrTiO3/minute, and mentioned the

substrate cleaning/preparation method (Sr deoxidation).7-8  Also reported at the same time 

are: no severe interdiffusion at the STO/Si interface, a slightly Sr-rich film, confirmatio

that the AIL existence is not a function of SrTiO3 thickness, and that the AIL is 

composed of SiOx or SiO2.8-9  (The claim that the AIL could be tailored has yet to be 

detailed in another paper).8  Yu also suggested that the high-k/low-k stack of oxides 

could be advantageous for reducing the short channel effects to improve reliability and 

performance of MOSFETs.8  Three years later, the Motorola group claimed to be able to

control the AIL thickness using a stepped low oxygen pressure/ low temperature gro

method,

 

wth 

o-

y (no 

eposition helps oxidize the titanium, and RHEED patterns can be used to check 

stoichio

f a 

s to 

10 and finally gave some details of the growth methods used.  Droopad reports c

deposition of strontium and titanium, at a growth rate of 2Å/min, and oxygen 

incorporation by RF plasma; conditions: 200-400°C and 10-8 to 10-7mBar initiall

details are given to indicate that these conditions are ever changed during growth).11  

Oxygen is added first, then the Sr/Ti flux is allowed to reach the substrate.11  The co-

d

metry (2x lines in the [110] pattern indicate a Sr-rich surface, while 2x lines in 

the [100] pattern indicate Ti-rich).11  Also, increasing temperature or oxygen pressure 

increases the thickness of the AIL, and this AIL helps eliminate the conduction band 

offset problem of the STO/Si interface.11  Another researcher, Li, published details o

second stepped growth method: starting at 200-300°C and 1x10-8 to 5x10-8 Torr, begin 

codepositing strontium and titanium (1-3ML) while molecular oxygen pressure ramp
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1x10-7 to 5x10-7 Torr.12  Then stop deposition and reduce oxygen pressure to below 5x10

9

-

r/Ti/O 

 SrTiO3 

osition.13  

n, 

m 

 to 

 Torr; an anneal to 600-700°C for 1-30 minutes recrystallizes the amorphous S

film.12  This procedure is repeated through 5-10ML to create a thick enough film to avoid 

silicon oxidation, after which SrTiO  can be deposited at temperatures above 700°C and 

oxygen pressures above 1x10

3

-7 Torr.12  A third researcher, Liang, published a third 

method for SrTiO  epitaxy on silicon, based on the analysis that co-deposition of

films in a low-temperature/low-pressure environment during initial deposition “show 

better chemical and structural characteristics than layer-by-layer deposition”.

3

13  This 

procedure involves beginning at an oxygen pressure of 1x10-8 Torr and 300°C, then co-

depositing strontium and titanium (to 5ML of SrTiO ) while simultaneously increasing 

both pressure and temperature to 2x10

3

-7 Torr and 500°C (growth can apparently continue 

at these conditions once reached).13  Deposition rate here is 4Å/min.13  XPS indicates that 

the titanium is better oxidized during co-deposition than for layer-by-layer dep

The film grown was slightly Sr-rich and oxygen-deficient at the beginning of depositio

which is beneficial for SrTiO  growth (by keeping both titanium and oxygen away fro

the silicon surface).

3

13   

 

 Research in 2004 by Amy, et al. indicated that SrTiO  would not be appropriate

use for an alternative gate dielectric due to negative conduction band offset at the 

“STO/Si” interface; note that the sample tested actually was not SrTiO  directly on 

silicon, but instead had a BSO buffer (the stack was heated after growth to 550°C to 

eliminate disorder in the perovskite, which may have caused reaction at the BSO 

interface).

3

3

14  Using the same interface (SrTiO  on BSO on Si), they also determined that 3
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the “STO/Si” interface is “unstable at annealing temperatures required to thoroughly 

clean and order the [SrTiO ] surface” after growth.3
15  Basically, the report indicates that 

annealing at 550°C  in 2x10-5 Torr pO  does not create a significant AIL, while annealing 

at 650°C in vacuum creates an amorphous interfacial layer.

2

15  However, for the purposes 

of this research, AIL creation at the interface is not necessarily cause for concern; th

research is concerned with the stability of the oxide itself and its ability to remain 

crystalline sufficiently long to oxidize through it and deposit silicon on top.  If an AIL

forms during this growth process, that is acceptable for this research.   

 

2. CaTiO

CaTiO , though orthorhombic at room temperature, has lattice parameters very 

close to the lattice parameter of silicon =5.431Å, a=5.367Å (-1.2%) and b=5.444Å 

(0.2%), and c=7.644Å (-0.5% of silicon unit cell rotated).

is 

 

ic equivalent”) lattice parameter of CaTiO3 is 

.82Å=[((a+b)/2)/√2],16 which would align with silicon by a 45° in-plane rotation 

t 

en 

 

3

3

16  If the depositing film uses 

the silicon as a template in a consistent way across the substrate surface, the 

orthorhombic structure may not be a problem, though several orientations are possible.  

The pseudo-cubic (“cub

3

(3.84Å).  X-ray and neutron diffraction indicate that CaTiO3 approaches tetragonal and 

cubic structures with increasing temperature, but remains orthorhombic throughou

typical semiconductor processing conditions.17-18  Epitaxial films of CaTiO3 have be

successfully deposited on SrTiO3 substrates by laser deposition, with CaTiO3 oriented

45° to the SrTiO3 unit cell.19  In another experiment, CaTiO3 is reported to grow 

constrained by a SrTiO3 substrate in a c-axis oriented tetragonal structure; parameters of 
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a=b=3.86Å and c=3.82Å are reported for a 2000Å film.20  Similar results are reported

Hao.

 by 

Combining SrTiO3 and CaTiO3 in solid solution is an effort to mediate the lattice 

nd structure of the template oxide.  While SrTiO3’s 2% lattice mismatch 

could b

f 

nd 

rthorhombic to 

.  In 

 on 

21  RHEED oscillations were observed for CaTiO3 pulsed laser deposition on a 

SrTiO3 film during creation of a BaTiO3/SrTiO3/CaTiO3 superlattice.22   Another group 

used a SrO buffer layer between the SrTiO3 substrate and the CaTiO3 film in laser MBE, 

again observing RHEED oscillations.23  No reports were found in the literature of 

epitaxial CaTiO3 on silicon.   

 

3. Ca1-xSrxTiO3

 

parameter a

e reduced by the addition of calcium, adding strontium will allow an otherwise 

orthorhombic CaTiO3 to become more pseudocubic.  Qin determined the structure o

bulk Ca1-xSrxTiO3 over a range of compositions and temperatures, shown in Figure 29, 

from “Phase transitions in Ca1-xSrxTiO3 perovskites: effects of composition a

temperature"  (S.Qin, A.I.Becerro , F.Seifert, J.Gottsman, and J.Jiang), used with 

permission from Dr. Shan Qin.24  The CaTiO3 structure changes from o

tetragonal to cubic with increasing temperature and/or increasing strontium content

order to deposit a cubic Ca1-xSrxTiO3 film at typical perovskite growth substrate 

temperatures (300-700°C), a composition of 45-75% SrTiO3 is recommended, based

Figure 29.   
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Figure 29.  Phase map of Ca1-xSrxTiO3 over 
temperature, showing a cubic phase with increasing 
temperature and/or increasing x.  (S.Qin, A.I.Becerro, 
F.Seifert, J.Gottsman, and J.Jiang)  Reproduced with 
permission from Dr. Shan Qin.24   

 

 

 It should be noted here that most of the literature involving Ca Sr TiO

involve use of the material, but instead focus on and debate its bulk structure.25

1-x x 3 does not 

0.66 0.34 3

1-x x 3

  The 

material has been mentioned in literature as a possible solution for lattice-matching an 

epitaxial oxide on silicon,26-27 and McKee grew an epitaxial Ca Sr TiO  film on BSO 

on silicon by MBE using a shuttering technique;3 however, to the author’s knowledge, 

there has been no attempt to deposit Ca Sr TiO  as an epitaxial thin film directly on 

silicon.  
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B. Experimental Procedures 

late oxide growth 

uses some of the sam  oxide growth.  Here, 

ent, are used (both 

described in Sections III. ired 

(though this occurs at a lower tem pared to 

the HF-last cleaning), and the fi is still deposited at 635°C.  

These steps are illus onolayers are 

deposited, and the sam onolayer 

deposition, in pre le, deposition rates 

are measured for djusted until the 

ate of the second t rate needed for stoichiometric films.   

 

ium 
3

The preparation of the Si(001) substrates for perovskite temp

e procedures as that for the rock-salt template

the Sr deoxidation cleaning procedures, with or without ozone treatm

C.2-3).  The silicon surface reconstruction is still requ

perature using the Sr deoxidation cleaning com

rst strontium half monolayer 

trated in Figure 30a-b.  No additional partial m

ple is cooled to 300°C following the first strontium half m

paration for template oxide deposition.  When possib

 one source, and then settings on the second source are a

 source is within 15% of estima ed r

Figure 30.  RHEED patterns along Si[110] azimuth during growth of epitaxial SrTiO3 on 
Si(001). (a) clean 2x1 reconstructed silicon after Sr deoxidation, (b) after extra stront
half ML deposition, and (c) after growth of ~10nm SrTiO , cooled to room temperature.   
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1. SrTiO3 on Si(001)-1st  

The first SrTiO3 growth technique is modeled closely after Motorola.13  This 

process involves co-deposition of strontium from an effusion cell and titanium from the 

Ti-ball source while ramping both temperature and oxygen pressure.  In this case, the 

leak valve is required to ramp the oxygen pressure during growth, because the mass 

controller is not sufficiently precise to ramp oxygen pressure in the growth chamber 

linearly.  First, strontium and titanium sources are opened, and then oxygen pressure in 

the growth chamber is increased to 1x10

flow 

 main 

minutes of deposition.  With combined strontium (~3.6Å/min, measured using strontium 

metal parameters) and titanium (~1.2Å/min, measured using titanium metal parameters) 

mperature will limit the potential for initial SiO2 growth at the silicon surface, while the 

ramping of both will allow oxygen to be present while the amorphously deposited 

strontium, titanium, and oxygen layer recrystallizes.  However, the combined ramping is 

-8 Torr.  Deposition begins by opening the

shutter.  As soon as deposition begins, the manipulator heater begins heating (26°C/min 

to 560°C thermocouple setpoint (510°C pyrometer), with an output power limit of 60%).  

Thirty seconds after opening the main shutter, oxygen pressure is ramped by 

approximately 1x10-8 Torr every 30 seconds, reaching 1-2x10-7 Torr at the end of 5 

metal deposition in oxygen, the amount of SrTiO3 which should deposit on the sample at 

the end of five minutes is about 20Å, or five unit cells.  Deposition is either stopped at 

this point (shutting strontium and titanium shutters first) for thinner SrTiO3 samples, or 

allowed to continue depositing at this temperature and pressure for thicker samples.   

 

The concept behind this approach is that limiting the initial oxygen pressure and 

te
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experimentally difficult.  Because of the large size of the manipulator heater, as well as 

the tem ) 

 

iO3 

 of 

 

it 

crystallized, the procedure used here allows continued deposition of SrTiO3 at the 

higher 

high 

perature difference between the thermocouple (on which the ramping is based

and the actual temperature of the substrate, the temperature ramping can be inconsistent. 

When combined with oxygen pressure ramping error of ~0.5 x10-8 Torr, the 

recrystallization quality of the SrTiO3 film is not consistent, based on RHEED 

observations and XRD comparisons.  A second method was then investigated for SrT

growth, which separated the oxygen and temperature ramping steps.   

 

2. SrTiO3 on Si(001)-2nd  

The second growth method for SrTiO3 incorporated an approach similar to He’s 

SrTiO3 growth method in adjusting the first method discussed above.4  Instead

ramping both temperature and oxygen pressure at the same time, oxygen pressure is 

ramped during co-deposition of the strontium and titanium, but temperature ramping does

not occur until the oxygen flow through the leak valve is turned off and the sources are 

shuttered (see Figure 31).  The temperature ramping is slowed slightly for this method, 

20°C/min to 560°C thermocouple setpoint (510°C pyrometer), with an output power lim

of 40%.  In this way, the deposition is separated from the recrystallization, and 

recrystallization occurs in vacuum, like He’s approach.  However, once the film is 

re

temperature, by simply increasing the oxygen pressure back to the 1-2x10-7 Torr 

range and opening the strontium and titanium shutters.  He’s approach details several 

deposit at low temperature and high pressure, then recrystallizes under vacuum at 

temperature steps, to avoid oxidation of the underlying silicon substrate.4  In this case, as 
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long as the first SrTiO3 layer crystallizes from the silicon substrate and remains epitaxial

SiO

, 

Fi
 

 The second method of SrTiO3 deposition does, in fact, lead to more consistent and 

higher quality films.  RHEED patterns in Figure 32 show the key difference between the 

two methods, especially for thin layers.  The film grown by Method #2 has better 

epitaxial quality, as indicated by the stronger features and spots evident at 20Å, whereas 

bright spots.  Method #1 may be forming an amorphous interfacial layer while the SrTiO3 

is heating to recrystallize, in the higher oxygen pressure environment.  This competing 

reaction could undermine the quality of the SrTiO3 recrystallization.  The two methods 

give somewhat similar results for thicker films, expected as the lattice relaxes and any 

phase is occasionally seen if the composition not tightly controlled.   

 

 

Pressure 

2 formation at the interface is advantageous, rather than a problem.   

 

Substrate 
Temperature 

Growth  

gure 31.  Comparison of SrTiO3 deposition methods. 

the RHEED of the film grown by Method #1 is difficult to see and does not contain any 

areas of lower crystalline quality are overgrown.  In either case, a secondary epitaxial 

Method #1 

deposition 

1x10-8 Torr 

-72x10  Torr
300°C 

510°C 
Method #2

300°C

510

1x10-8 Torr

2x10-7 Torr

°C 

deposition 
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Method #1 Method #2 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 32.  RHEED patterns of SrTiO3 films grown by 
Method #1 and Method #2.   

 

3. CaTiO3 on Si(001) 

CaTiO3 deposition is very similar to the 2nd SrTiO3 deposition method above, 

with the following changes:  ramping is increased to 30°C/min and the setpoint 

temperature increases to 600°C (535°C pyrometer) with a 45% output power limit.  

These changes are based on experimental observations of CaTiO3’s higher 

recrystallization temperature.   

 

100Å film <100> 23°C 

100Å film <110> 23°C 100Å film <110> 85°C 

100Å film <100> 85°C 

20Å 00°C Å fil > 530°C 20 m <100 film <100> 5
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4. Ca1-xSrxTiO3 on S

The growth procedures for Ca1-xSrxTiO3 (CSTO), as one might expect, are similar 

 those of SrTiO3 and CaTiO3.  The only difference is the temperature ramping: 

0°C/min with a setpoint of 600°C (535°C pyrometer) and 40% output power limit.  

STO films were generally based on 50-50 Sr:Ca ratio, and the deposition rates of the 

ree metal constituents were compared prior to deposition.   

. Growth Results 

Epitaxial films of SrTiO3, CaTiO3, and CSTO were successfully deposited on 

i(001).  All three films are single crystal by RHEED; images of 20Å of each film are 

own in Figure 33.  Because of SrTiO3’s somewhat large lattice mismatch with the 

silicon substrate ic, ra cture, the quality of 

these two films on of the two.  

This expectation is confirmed in the RHEED patterns.  Comparison of the three patterns 

also reveals the slightly 3D nature of the CaTiO3 epitaxial film.   

3, 580°C …………CSTO, 535°C 

 RHEED oscillations were also observed for all three films, to varying degrees, 

during growth after the initial recrystallization step.  Graphs from a SrTiO3 film (method 

i(001) 

 

to

2

C

th

 

C

 

S

sh

and CaTiO3’s orthorhomb ther than cubic, stru

 is expected to be less than the quality of the solid soluti

Figure 33.  20Å of SrTiO3, 500°C… CaTiO
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#1) and a CaTiO3 film are shown in Figures 34 and 35.  Oscillations in the SrTiO3 film 

 in 

f 

 due to the amorphous 

eposition which is a part of this deposition method.  This section of the deposition is not 

 

deposition indicate a continuing 2D growth, with some roughening; whereas the RHEED 

pattern for the CaTiO3 film after the 2D growth oscillations appears to have a more 3D 

character than before this additional deposition.  The significant reduction in intensity

each case is due to the addition of oxygen to the chamber, which reduces the intensity o

the entire pattern on the screen.  For the SrTiO3 film, it is also

d

shown for CaTiO3.  
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Figure 34.  RHEED oscillations of SrTiO3 film.   
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Figure 35.  RHEED intensity oscillations for further deposition of CaTiO3.  

RBS measurements and simulation, Figure 36, confirm stoichiometric 

0.2O0.6 (~SrTiO3).  Channeling indicates χmin values of: Sr = 0.57, Ti = 0.56, Si = 

0.17.  These yield data are similar to another report for SrTiO3,28 and reveal a need to 

reduce lattice parameter mismatch.  RBS of a CaTiO3 film reveals a Ca:Ti ratio of 1.5:1 

(Figure 37), while a CSTO film has Ca:Sr:Ti of 0.55:0.6:1 (Figure 38).  Both films a

ion rich, due to both concerns about titanium reaching and reacting with the silicon 

substrate, and a titanium source whose deposition rate drops over time, even while kept at 
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Figure 36.  RBS random data and simulation (left) of SrTiO3 film on (001)Si 
substrate, and comparison of random to aligned data (right), showing channeling.  
Simulation gives a Sr:Ti ratio of 1:1.   

 

gure 37.  RBS random data and simulation of 
3 film on Si(001) substrate with a SrO 

buffer layer.  Simulation film composition is 
Ca1.5Ti1O3.5.   
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 on silicon, in Figure 

39, indicate a single crystallin s.  The lattice parameter 

for SrTiO3 is determ

lattice parameter from ilar to the 

c=3.982Å (a=3.864 nally-distorted 

film on silicon with no tice parameter and 

train will be discusse ift in the {002} peak for CSTO as compared to 

rTiO3 indicates a smaller lattice parameter and can be used to estimate film 

omposition.  The CSTO film’s measured lattice parameter is c=3.931Å, which lies 

Figure 38.  RBS random data and simulation of 
CSTO film on Si(001) substrate.  Simulation film 
composition is Ca0.55Sr0.6Ti1O3.15.   

X-ray diffraction patterns of a SrTiO3 film and a CSTO film

e {001} orientation for both film

ined to be c=3.986Å, indicating a 2.1% strain in the out of plane 

 that of bulk SrTiO3 (3.905Å).  This value is sim

Å) reported by Eisenbeiser for a 40Å SrTiO3 tetrago

 AIL.29  The ramifications of the measured lat

d shortly.  A shs

S

c
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between SrTiO3’s measured 3.986Å and CaTiO3’s measured “cubic equivalent”16 

parame position of ~42% 

CaTiO3 position. 

 

ssible 

g 

wever, the 

sufficient for x-ray analysis, due to its large lattice mismatch with silicon, so the in-plane 
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Figure 39.  XRD scan of SrTiO3 and CSTO films on silicon 

 

Initial observation of the SrTiO3 lattice parameter leads one to deduce a po

tetragonal distortion of the SrTiO3 film to fit the silicon lattice.  A quick calculation usin

c=3.986Å and the SrTiO3 bulk Poisson ratio of 0.232 reveals that the in-plane lattice 

parameter would be 3.886Å, still larger than that of silicon (3.840Å equivalent) and 

indicative of a 0.5% compressive strain compared to a SrTiO3 bulk lattice.  Ho

SrTiO3 film should no longer be commensurate with the substrate at thicknesses 
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lattice parameter should be close to 3.905Å.  The post-annealing XRD results poin

another possible contributing factor for the measured lattice parameter of the as-grown

SrTiO

t to 

 

sociated 

with the SrT 31-32), as 

of SrTiO

given film

in the SrT

 

improve w  and following 

the anneal.   

 

r 

3 film.   

 

Both 2θ and χ values and full width half maximum (FWHM) values as

iO3 film improve with annealing in oxygen (consistent with literature

shown in Figures 40 and 41, and the lattice parameter relaxes to close to its bulk value 

upon annealing.  The film improvement is consistent with the typical low-oxygen content 

3 films grown in UHV,31,33 and expansion of unit cell volume is typical with 

oxygen vacancies.34  Another possible explanation is that the Sr:Ti ratio is not 1:1 for a 

, and annealing allows the excess strontium to form Ruddlesden-Popper phases 

iO3.   

A comparison of a SrTiO3 film and a CSTO film on Si(001), both as-grown and 

after annealing at 800°C for 30 minutes, is shown in Figure 42.  While both oxides 

ith annealing, the CSTO film quality is much better as-grown

An additional result of this annealing process to improve the film crystallinity is 

growth of SiO2 (or a silicate-based AIL) under the epitaxial template film.  Eisenbeise

reported less tetragonal distortion for a SrTiO3 film on silicon with an AIL: a=3.906Å

and c=3.937Å (similar to the results shown here), compared to bulk a

 

o=3.905Å and AIL-

less parameters of a=3.864Å, c=3.982Å.29  The possible presence of SiO2 or an 
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amorphous interfacial layer at the interface will be discussed further in the through-

oxidation section of this thesis.   

 

Figure 40.  θ-2θ graph of SrTiO3 film as-grown and with several 
anneals in oxygen.   
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Figure 41.  χ graph of SrTiO3 film as-grown and 
with several anneals in oxygen.   
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Figure 42.  XRD showi
epitaxial film nutes. 

 

 

 The interface quality of a SrTiO3 film on silicon was investigated by TEM, using 

the cleaving-based sample preparation method.35  A ~120Å amorphous silicon layer was 

deposited on top of the film for protection during sample preparation.  The cross-

sectional as-grown sample was first observed in a standard TEM, the Topcon 002B, and 

select images are shown in Figure 43.  Displayed magnifications on the Topcon were 

59KX and 78KX, but no magnification calibration was available for these 

magnifications, so the indicated SrTiO3 film thickness ~175Å is based on the thickness of 

the amorphous silicon measured in the MBE during its deposition.  Measured film 

thickness is greater than originally anticipated, indicating that estimates during growth 

are not quite right yet.  The film appears to be relatively smooth at this scale.  Near the tip 
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of the sample, a thin line is visible between the SrTiO3 film and the substrate, but this line 

becomes less visible farther into the sample.  This was initially believed to be a 

delamination defect due to the sample preparation method, but this hypothesis could not 

be confirmed in this TEM.  A higher magnification image of a CSTO film on silicon, 

Figure 44, appears to show an amorphous interfacial layer, but the image is not clear.   
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capping layer.  SrTiO3 film thickness of ~175Å was estimated based on known 

 

 

 

Figure 43.  TEM many beam images of a SrTiO3 film on Si(001) with amorphous silicon 

amorphous silicon thickness.   

 

 

 

α-Si 

Si(001) substrate

~175Å 
SrTiO3 



Figure 44.  Cross sectional TEM image of a CSTO 
layer grown on a Si(001) substrate (capped wi
amorphous silicon) viewed along the <110> Si zone 
axis.  CSTO thickness ~ 48Å. 

 

 

Selected area electron diffraction (SAD) patterns which include both the SrTiO3 

nd the limited samples available.  The two images in Figure 45 are the same pattern, but 

e image on the right has a slightly focused illumination area to make the SrTiO3 spots 

isible.  An overlay of the two patterns, shown in Figure 46, allows clear visualization of 

which spots belong to the silicon (red) and which to the SrTiO3 pattern.  Overlaid 

simulations of the Si<110> and SrTiO3<100> diffraction patterns are also included in 

Figure 46 for comparison, where the silicon pattern is again red.  The indexed pattern 

(red indices are Si; blue are SrTiO3) is shown in Figure 47.   

 

th 

film and substrate are shown in Figure 45, near the <110> zone axis (ZA) of silicon.  The 

diffraction patterns were taken near the zone axis because of tilt limits on the microscope 

a

th

v
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Figure 45.  SAD patterns of SrTiO3 /Si, near the <110>ZA of silicon, where the 
t is slightly overfocused to allow the SrTiO3image on the righ  spots to be visible.   

 

 

3

 

Figure 46.  Overlaid SAD patterns of Si<110> (red) and SrTiO  <100> zone axes, 
experimental (left) and simulated (right). 
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Figure 47.  Indexed, inverted experimental SAD 
pattern close to the Si<110> zone axis (red indices are 
Si; blue are SrTiO3) 

 

 

Based on this indexing, the SAD patterns were measured to determine the overall 

lattice parameter of the film as well as the film orientation, as compared to the standard 

substrate.  The measurements are illustrated in Figure 48, and results of the lattice 

parameter analysis are shown in Table III.   
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Figure 48.  Measurements taken to determine lattice 
parameter of the SrTiO3 film, based on orientations at 
right, and listed in Table III.  (red spots are silicon spots) 

ents and calculations used to determine lattice param

 

 

Table III.  Measurem eter for the 
film, associated w ents, taken 
from Williams &

 

 

ith Figures 45-48 above.  (W&C are expected measurem
 Carter)36

A B 

C 

D 

Measure
(from center to 

first sp )
Experi- 
mental

Simu- 
lation 

W&C 
page 
282

Exper. 
Equivalent 

(nm-1)
dhkl 

(nm) h k l S
aexp 

(nm)
aavg 

(nm)
aact 

(nm)
% of 

actual
Si

ment 

ot

Length A
Length B
Length C (in) 1.381 2.205 -- 5.2455 0.1906 -2 2 0 8 0.5392

A/B 1.127 1.150 1.155

C->D (°) 35.3 35.5 35.26
D->“A” ) 54.9 54.7 54.74

SrTiO

 (in) 0.966 1.566 -- 3.6692 0.2725 0 0 2 4 0.5451
 (in) 0.857 1.362 -- 3.2552 0.3072 -1 1 1 3 0.5321

Length D (in) 0.826 1.359 -- 3.1374 0.3187 -1 1 -1 3 0.5521
5nm-1 -- 2.134 -- 0.54 0.5431 99.82

C/B 1.611 1.619 --
D/B 0.964 0.998 --

A->B (°) 55.2 55.1 54.74
B->C (°) 34.6 34.7 35.26

 (°

3
Length B n) 0.940 1.537 -- 3.5704 0.2801 0 1 -1 2 0.3961
Length D (in) 0.950 1.537 -- 3.6084 0.2771 0 1 1 2 0.3919
Length C n) 0.661 1.083 -- 2.5107 0.3983 0 1 0 1 0.3983
Length B ng 0.938 1.539 -- 3.5628 0.2807 0 1 -1 2 0.3969

C/B 0.703 0.705 -- 0.396 0.3905 101.36
D/B 1.011 1.000 --

B->C (°) 46.4 45.0 --
C->D (°) 44.4 45.0 --

Index

 (i

 (i
lo
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This is not the most accurate method to determine lattice parameter, but is 

accurate to about 2%.36  A much more accurate method would be to use High Order Laue 

Zone (HOLZ) lines in the Convergent Beam Electron Diffraction disk, but time 

constraints on the microscope precluded obtaining this information.  Because the sample 

was not in zone axis, there is an additional inherent error in the measurements.  HOLZ 

analysis may be used in future samples related to the project to determine the lattice 

parameter mor

 

3’s 

.96Å, are within 2% of their bulk lattice parameter, as expected.  Even if the SrTiO3 was 

, he patterns do line up to confirm a single crystal, close to 

amorphous character.  Because this sample was subjected to a two minute plasma 

e accurately.   

Both lattice parameters determined in Table III, silicon’s 5.4Å and SrTiO

3

completely strained to the silicon lattice parameter, it would still fall within this 2% 

accuracy limit.  However t

epitaxial SrTiO3 film.  The expected ~45° rotation of the SrTiO3 film as compared to the 

substrate is confirmed, but an additional 2° mistilt is measurable between the patterns, as 

determined from the two “C” lines in Figure 48.  The mistilt observed in the XRD 

measurement (over χ) of the as-grown sample is confirmed by the SAD pattern.  In 

addition, because no other spots appear, there is no other significant crystalline phase 

formed at the interface.   

 

For greater resolution at the interface, HRTEM was employed, in the <110> zone 

axis of silicon.  An image from the region of the sample tip is shown in Figure 48.  The 

SrTiO3 film is crystalline, but the area between the film and the substrate has an 
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cleanin er 

rred 

 

, 

e 

inated” area.  Therefore, it seems as though the 

amorphous layer must have been formed during growth, and was not an effect of sample 

prepara  the 

bon 

g step prior to its observation in the JEOL, the origins of this amorphous lay

cannot be definitively confirmed.  Based on the Motorola results indicating SiO2 growth 

at the interface of a SrTiO3 film on silicon,8 the amorphous layer could have occu

during film deposition.  Figure 49 shows the amorphous layer right at the sample edge.  If

the amorphous layer had grown during the plasma etch immediately before observation

it is likely that the amorphous layer would have also grown on the exposed edge of th

silicon substrate as well as in the “delam

tion or cleaning.  A quick Electron Energy Loss Spectrometry (EELS) scan in

amorphous region indicated that no suboxides are present, so the layer must be SiO2 and 

not a silicate formed from the constituents of the SrTiO3 film.  Unfortunately, the car

contamination on the sample due to observation in the microscope impeded the 

acquisition of more conclusive EELS results.   
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Figure 49.  HRTEM image of SrTiO3 on Si(001) with a silicon cap, taken in the 
<110>ZA of silicon. 
 

 

 

α-Si 

~175Å SrTiO3 

Si(001)
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Figure 50.  HRTEM image of SrTiO3 on Si(001) with a silicon cap, taken near the sam
tip, in the <110>ZA of silicon. 
 

ple 

 

D. Stability Testing 

Each of the perovskite films grown underwent the same in-situ stability test as the 

SrO, BaO, and BSO films to determine survivability temperatures for silicon deposition.  

The RHEED images from this stability test are shown in Figure 51 (BSO included for 

comparison).     
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BSO, 3ML 

504°C 

600°C 

690°C, 607°C 

CaTiO3, 9ML 
SrTiO3 5ML CSTO, 5ML 

604°C 

705°C 

810°C 

650°C 

700°C 

800°C 

600°C 

703°C 

799°C 

859°C, 739°C 864°C, 742°C 860°C, 739°C 
Figure 51.  Stability comparison of BSO, SrTiO3, CaTiO3, and CSTO.  Temperatures 

e thermocouple, except for the italicized pyrometer temperatures. 
 

 

 Although these films are thicker than the BSO film tested, the results are still 

comparable, because these are still on the order of magnitude of the template oxide.  

indicated are from th
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Clearly, all three perovskite films are stable to higher temperatures than the BSO film, so 

they would be more useful for high temperature silicon deposition.  It is also interesting 

to compare the perovskite films; while the SrTiO3 film is not a high quality film in this 

case (due in part to its significant mismatch with silicon), both the CaTiO3 and CSTO 

films improve with heating.  The CSTO film’s ature is lower than that of 

CaTiO3, but by 740°C, all three films look similar.  It is only ten degrees higher than this 

temperature that the Sr deoxidation based cleaning of the silicon substrate usually occurs.   

 

 Another important comparison that can be drawn from these images is how

 optimum temper

 the 

films react with temperature.  The BSO film, like the SrO and BaO films, becomes 

amorphous with increasing temperature.  The perovskite films, on the other hand, show a 

pr ater 3D character in the RHEED patterns, indicating tha  

surface is becoming rougher with temperature under vacuum conditions.  This roughness 

is not desired for a template oxide film in an SOI structure, and a surfactant or 

semiconductor deposition with a lower thermal budget would be required to avoid this 

roughening process at the perovskite film surface.  In fact, as temperature continues to 

increase past 740°C, the silicon substrate pattern gradually emerges in the RHEED 

pattern.  It is believed that this occurs as the film becomes islands, and the oxygen from 

 

ogression to gre t the film

the oxide film desorbs into the vacuum of the chamber (consistent with SrTiO3 oxygen

ss in vacuum annealing).33,37   lo
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E. Concluding Remarks 

SrTiO3, CaTiO3, and Ca1-xSrxTiO3 (CSTO) films were successfully epitaxially 

deposited directly on Si(001) substrates.  To the author’s knowledge, this is the first 

demonstration of epitaxial CaTiO3 and CSTO films directly on silicon.  The SrTiO3 wa

deposited by a novel method, which allowed for co-deposition for smoother films while 

avoiding oxidation of the substrate during the initial stages of epitaxial template oxide 

growth.  RHEED oscillations indicated 2D monolayer-by-monolayer growth for samples 

s 

f all three perovskites during growth (after the initial deposition and crystallization steps 

STO 

86Å.  As-

 to its 

o improved upon annealing.  Based on XRD intensities 

nd full-width, half-maximum peak measurements, the CSTO film is a higher quality 

 than the SrTiO3 film both before and after annealing.   

 

o

were complete).  RBS measurement and simulation provided stoichiometry for three 

samples: a SrTiO3 film with Sr:Ti of 1:1, a CaTiO3 film with Ca:Ti of 1.5:1, and a C

film with Ca:Sr:Ti of 0.55:0.6:1 (or A:B of 1.15:1).  Channeling for the SrTiO3 film is 

consistent with other reports.   

 

XRD of an as-grown SrTiO3 sample reveals a lattice parameter of c=3.9

grown CaTiO3 measured 3.855Å cubic equivalent, and as-grown CSTO: c=3.931Å, 

resulting in an approximate composition of Ca0.42Sr0.58TiO3, within 8% of the target 

composition.  After annealing in oxygen, the SrTiO3 lattice parameter relaxes closer

bulk parameter, perhaps due to increased oxygen content in the film eliminating oxygen 

vacancies or consistent with amorphous interfacial layer (AIL) growth at the SrTiO3/Si 

interface.  CSTO film quality als

a

film
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Cross-sectional transmission electron microscopy of as-grown samples of each of 

the per s 

-

g 

at the films are typically stable in oxygen to higher 

temperatures, and the films tested in-situ had never been annealed to improve their film 

quality

 L1415-1417.   
2.  R.A.McKee, F.J.Walker, and M.Chisholm, Phys.Rev.Lett. 81 (1998) 3014. 
3.  R.McKee, F.Walker, and M.Chisholm. MRS Proceedings 567 (1999) 415-425.   
4.  J.Q. He, et al. J.Appl.Phys. 97 (2005) 104921. 

ovskite oxides revealed a fairly smooth interface and continuous, crystalline film

(CaTiO3 image shown in Section VI.A).  SrTiO3 and CaTiO3 films also exhibited a 3

6nm AIL at the oxide/silicon interface.  Electron diffraction on the SrTiO3/Si interface 

indicated a 2° mistilt and both lattice parameters within 2% of their bulk values.   

 

Results of the in-situ vacuum stability testing of the perovskite films show that 

these films are generally stable on silicon in vacuum to higher temperatures than BSO.  

Unlike BSO, these films do not become amorphous with increasing temperature, but 

instead seem to evolve a rougher, more 3D surface as they begin to lose oxygen and react 

with the substrate.  This occurs above 700°C, where the films are significantly degradin

by 740°C.  It should be noted th

 and oxygen content before vacuum stability testing.   

 

While the vacuum stability temperatures of the perovskite films of SrTiO3, 

CaTiO3, and Ca1-xSrxTiO3 on silicon are also insufficient to allow direct heteroepitaxial 

deposition of device quality silicon, lower thermal budget, methods of silicon layer 

creation will be investigated using these films.   
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VI. THROUGH-OXIDATION 

ring film deposition reduces 

 gate.  In the case of 

n the silicon surface and 

 is 

t the 

h, as 

esults shown above (Figures 49-

3  must 

 

gen pressure from 1x10-8 

g initial 

ample 

ing the additional deposition, 

re not sufficient to oxidize 

 the cross-

ectional TEM image shown in Figure 52.  High resolution TEM images of the SrTiO3 

nd CaTiO3 interfaces (Figure 53) confirm epitaxy of the template oxide, and reveal an 

 

A. During Growth 

 For many gate oxides, SiO2 growth at the interface du

the film’s usefulness by reducing the dielectric constant at the

Floating Epitaxy, as long as the template oxide film nucleates o

remains single crystalline and epitaxial, SiO2 growth under the film during deposition

simply a precursor to the next step in the process, which is oxidizing the silicon a

silicon substrate-film interface.  Oxidation of the interface can occur during growt

seen by Motorola  and others, as well as in the TEM1  r

50).  The observed AIL (presumed to be SiO2) under the SrTiO  film is 27Å, and

have occurred during growth of the ~175Å SrTiO3 film.  The first 20Å of the SrTiO3 film

was deposited as described above, at 300°C and increasing oxy

to1-2x10-7 on substrate durin Torr over five minutes to limit oxidation of the silic

film deposition, and then heated to 510°C for recrystallization in vacuum.  The s

was then held at 510°C in 6x10 -1x10  Torr for an hour dur-9 -7

and briefly heated to 535°C (7 minutes).  These temperatures a

a regular silicon wafer using wet oxygen to a thickness of even a picometer,2 but the 

SrTiO3 film enhances the oxidation effect at the substrate.  Similar results are seen for 

CaTiO3 thin films; a 60Å AIL is visible under the CaTiO3 film (bright) in

s

a
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AIL.  In the case of CaTiO  at 1x10-7 Torr pO2 

fter the initial recrystallization) resulted in a 25-35Å AIL.   

‘floated’ off the silicon substrate by a 6nm amorphous interfacial layer, with a 

 

but pressures are functionally limited to ~1x10-3 Torr in order to protect the sources from 

3, 40min of template oxide film growth

(a

 

Figure 52.  Z-contrast TEM image of as-grown 5nm CaTiO3 film (bright), 

25nm amorphous silicon capping layer.  This represents a complete SOI stack.   

 

Figure 53.  Cross-sectional HRTEM images of as-grown SrTiO3 (left) 
and CaTiO3 (right) epitaxial films on silicon, showing amorphous 
interfacial layer formation.   

 

 

B. Annealing and Capacitance-Voltage Results  

 Annealing to promote oxygen diffusion through the template oxide layer to 

oxidize the silicon substrate is possible in the MBE, per the original processing scheme, 
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oxidation.  Early investigations of ex-situ annealing corresponding to this in-situ press

requirement and a 600°C temperature limit (for stability expec

ure 

tations of early oxides) 

evealed limited SiO2 growth under the template oxide films, even after hours, shown in 

 

r

Figure 54.    

Figure 54.  Limited SiO2 growth at 600°C and 1mTorr oxygen, under 
a variety of oxide thin films.  Hollow symbols are higher pO2 tests. 

Silicon Substrate Oxidation Through Thin Oxide Layers
vs. Anneal Time at 600°C, 1mTorr pO2
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 Based on these observations, ex-situ annealing was considered, which could be 

accomplished “in-situ” using a separate oxidation chamber on the cluster tool of the M

(if we had one).  A variety of conditions were tested, using a SrTiO

BE 

emperature/oxygen pressure combination for through-oxidation without 

estruction of the template oxide film.  Selected XRD results of this testing were shown 

above, in Figures 40-41, and indicate that an 800°C, 5.5 Torr pO  anneal improves the 

SrTiO

T 

of 10.3nm ness 

Figure 55.  Capacitance-voltage plot of as-grown and annealed SrTiO3 
film on silicon, indicating oxide growth under the SrTiO3 film.   
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d
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3 film quality, consistent with previous reports.3  Capacitance-voltage plots of as-

grown as well as 6min and 30min anneals under these conditions, with fitted equivalent 

oxide thickness values, are shown in Figure 55.  In a mere thirty minute anneal, an EO

 is reached.  This value is very close to the 11-12nm equivalent oxide thick

that ITRS recommends for 2020! 
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C. Concluding Remarks 

 Oxidation of the silicon substrate to create the insulating SiO2 layer for SOI can 

begin during growth of an epitaxial SrTiO3 film, once the film has recrystallized on the 

substrate.  Although in-situ annealing may not be possible because of oxygen pressure 

limitations, additional through-oxidation has been observed with ex-situ annealing of 

SrTiO3 films on silicon at 800°C and 5.5 Torr of oxygen.  A thirty minute anneal under 

these conditions is sufficient to meet ITRS specifications for 2020, so the through-

oxidation step of Floating Epitaxy is reasonable and achievable.  Additional testing 

would be required to confirm the composition of the oxide growth and the condition of 

the epitaxial oxide film following this annealing step.   
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VII. SILICON DEPOSITION ON OXIDES 

 

or 

 for 

ate 

e 

75Å film, both shown in Figure 

6.  These pinholes coalesce with thicker deposition.  Dr. Robert Nemanich suggested 

s were likely due to carbon contamination on the surface of the substrate, 

ed to the Sr deoxidation 

.  

ilicon deposition.  

ecause the oxide template which is grown on the silicon substrate will be a less 

contaminated “clean” surface, thin epitaxial silicon is expected to grow on this surface 

without pinhole defects.   

 

A. Homoepitaxy  

 Silicon deposition on a silicon substrate was attempted before silicon deposition

on an oxide film to ensure that the chamber and cleaning processes were optimized pri

to oxide growth.  As the background pressure of the chamber decreased, the silicon 

homoepitaxy results improved.  Initial results, using the HF-last cleaning procedure

the silicon substrate, yielded a 2D epitaxial silicon deposition by RHEED at a substr

temperature of ~540°C and deposition rate of 0.2Å/s, but AFM revealed a microstructur

of 40Å pinholes with an RMS roughness of 5.8Å on a 2

5

that the pinhole

and that a better cleaning procedure would be required.1  This l

and ozone treatment with Sr deoxidation cleaning procedures used later in this research

A clean, reconstructed silicon surface is critical for 2D homoepitaxial s

B
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Figure 56.  RHEED and AFM images of silicon homoepitaxy at 540°C using 
HF-last cleaning procedure 

 

 

 Sr deoxidation cleaning did change the microstructure of silicon homoepitaxy, as 

well as the growth mode of the silicon, perhaps due primarily to the remaining strontium 

on the surface following cleaning.  Except for the substrate cleaning procedure (here: Sr 

deoxidation), sample growth conditions for the following were identical to those used for 

the previous sample.  The resulting RHEED pattern, AFM image of the sample surface, 

and intensity oscillations are shown in Figures 57-58.  The RHEED pattern of this 

deposition (at the final 275Å thickness) resembles the pattern of a partial monolayer of 

strontium on a clean silicon wafer, and this pattern remained consistent throughout the 

silicon deposition.  It is believed that some of the strontium atoms remained on the 

surface of the sample, even as more silicon deposited, similar to the surfactant 

investigated by Osten, et al. for germanium.2-3  Silicon typically grows by step flow 

growth, so no oscillations are typically seen during growth, but nine RHEED spot 

intensity oscillations were observed with this sample, indicating 2D monolayer-by-
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monolayer growth.  (Only the 0,0 spot and 0,1 spot are expected to have oscillations, but 

the 0,0 spot intensity was too high to capture oscillations with the RHEED camera.)  In 

the Sr deoxidation case, the AFM topography shows orthogonally oriented features on 

the surface, with a RMS roughness of 4.8Å and only a 28Å difference in feature height.  

The quality of the RHEED pattern and lack of pinholes in silicon homoepitaxy using the 

Sr deoxidation substrate preparation method confirm that the Sr deoxidation method is 

more effective for surface preparation than the HF-last method.  The strontium remaining 

n the surface after cleaning makes this cleaning method ideal for substrates which are to 

be u es 

main completely on the surface of the silicon, the method could also be used for other 

epositions, allowing that the strontium atoms could be etched from the surface following 

f 

o

sed for Sr-based (or compatible) film deposition.  However, if the strontium do

re

d

growth.  Successful silicon homoepitaxy at ~540°C as shown above confirms that the 

growth chamber and background pressure will not limit silicon heteroepitaxy on the 

template oxide film.   

 

Figure 57.  RHEED and AFM images o silicon homoepitaxy at 540°C using 
Sr deoxidation cleaning procedure 
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Figure 58.  Oscillations observed during silicon homoepitaxy with Sr deoxidation 
cleaning procedure 

 

 

 In addition to direct growth at a high temperature, solid phase epitaxy of both 

ermanium was successful.  For each sample, the semiconductor film was 

am

temp

germ

mages 

are th e of 

silicon and g

orphously deposited (~120Å) onto a Si(001) substrate at room temperature, then 

heated to recrystallize.  As expected based on germanium’s lower recrystallization 

erature, the germanium recrystallized at ~470°C, while the silicon recrystallized at 

~650°C.  The silicon recrystallized into a fairly smooth surface film, while the 

anium appears to be more 3D based on the RHEED patterns, shown in Figure 59, 

where the top images are the amorphously deposited film patterns, and the bottom i

e recrystallized film patterns.  A large lattice mismatch (>4%) is the likely caus
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the germanium film roughness, as its recrystallization on a silicon substrate would result 

 

. BaO/SrO/CaO 

e 

r 

 a 

in a less than perfect crystalline structure.   

 

    Si RT 
    Si 650°C 

  Ge RT

  Ge 470°C

Figure 59.  Solid phase epitaxy results of silicon and 
germanium on Si(001). 

 

B

 Room temperature depositions of silicon on epitaxial BaO and textured SrO ar

polycrystalline/amorphous, as expected, and silicon deposition on 3D textured CaO at 

650°C is polycrystalline.  No high temperature depositions were attempted on BaO o

SrO.   

 

C. Ba1-xSrxO 

 Silicon and germanium deposit polycrystalline or amorphous on BSO films over

temperature range of room temperature to 535°C.  Attempts at recrystallization cause 
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interfacial reaction as well as barium and strontium diffusion into the silicon, as shown 

previously in the SIMS stability results for BSO.   

 

 

D. SrTiO3/CaTiO3/Ca1-xSrxTiO3 

 
1. In-situ 

Silicon films deposited on a SrTiO3 film at 690°C are either polycrystalline or 

amorphous, but deposition on a SrTiO3(001) substrate is polycrystalline at 615°C.  Using 

a 1ML strontium buffer on a SrTiO3 film (based on transposing SrTiO3 on silicon 

lycrystalline silicon film as deposited, as seen in Figure 60.   

 

 

 

epitaxy) does create a po
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Figure 60.  Direct deposition of germanium(b) or silicon(d) on a 
SrTiO3 single crystal(a) or epitaxial SrTiO3 film(c) with 1ML Sr 
buffer, at a substrate temperature of ~450°C.   

 
 

anium deposition on a SrTiO3(001) substrate at ~450°C results in epitaxial 

growth of germanium with mixed orientation.  The RHEED patterns do not show 

polycrystalline rings, but instead a variety of spots (see Figure 61), a curious effect which 

may be due to “large-grained” crystalline regions of germanium in the films.  Two 

different surface treatments were investigated:  the BOE-water dip, which gives the 

SrTiO3 substrate a TiO2 surface,4 and this same surface with a partial monolayer of 

strontium deposition before the germanium deposition.  Surface treatment does affect 

epitaxial germanium orientation; both cases reveal mixed epitaxial orientations (based on 

RHEED patterns in Figures 60 and 61), but case 1 appears to have greater fraction of 

{001} orientation, whereas XRD of the strontium terminated surface growth (Figure 62) 

reveals dominant {111} orientation, as well as some {110} and {100} oriented crystals.  

A thicker strontium layer (Figure 60) appears to bring out a single orientation more than 

Germ
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the other orientations (as in Figure 61).  Initial germanium epitaxial deposition is 

encouraging, and more conditions will need to be studied to create a solitary (001) 

ation.  A combination of oxide surface modification and surfactant may be needed 

to obtain 2D, smooth, (001)-oriented germanium growth on an oxide film.   

 

orient

deposition on Sr-terminated SrTiO3 (001) substrate. 

Case 1:  BOE treated, Ti-terminated SrTiO3            Case 2:  0.3 nm Sr deposited on SrTiO3

SrTiO3 <100> SrTiO3 <100> 

Figure 61.  RHEED images of germanium deposition on SrTiO3 
(001) substrates at ~450°C, with different surface treatments.   
 

Figure 62.  XRD peaks evident in germanium 

10 nm Ge ~450°C 10 nm Ge ~450°C 
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 The successful multiple-orientation epitaxy of germanium on SrTiO3 substrates 

was mirrored by similar epitaxial deposition of ~100Å thick silicon on a thin (20Å) 

CSTO film at 690°C.  RHEED patterns of the CSTO film at 690°C and silicon film with 

multiple epitaxial orientations are shown in Figure 63.  While the CSTO film does have 

some 3D characteristics at this temperature, the finished silicon film is definitely 3D, 

with primarily (001) diffraction spots.  AFM characterization confirms the 3D nature of 

the final film, as shown in Figure 64, with an RMS roughness of 50.8Å and a feature 

height of ~180Å.  Because this feature height is greater than the estimated deposition 

thickness, it is possible that the CSTO film became islands with heating, allowing the 

silicon deposition to crystallize based upon the silicon substrate, rather than the epitaxial 

template ox ional HRTEM analysis (Figures 65-67), with sample 

preparatio rface.  Moiré 

fringes in th  with a tilt and/or 

lattice parame

existence could not be confirm tify the layer, 

but was not available for this n patterns over 

material with a lattic et 

determ

silicon lattice diffraction

polycrystalline m

 

ide.  Cross-sect

n by Focused Ion Beam,5 confirms the islands on the sample su

e islands indicate an overlap of two crystalline regions

ter difference.  The 20Å film of CSTO is difficult to discern, and its 

ed (Z-contrast imaging may be able to iden

sample at the time).  Selected Area Diffractio

the entire film thickness in Figure 68 do indicate the existence of a polycrystalline 

e parameter smaller than that of silicon (whose identity is not y

ined), and the double-diffraction effect (polycrystalline rings appear around the 

 spots) reveals that the interface of the (001) silicon and the 

aterial is not flat.   
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Figure 63.  RHEED patterns of CSTO film at 690°C and 

 

 

on CSTO with multiple orientations 

silicon film deposition on this epitaxial oxide layer.   

Figure 64.  AFM image of silicon deposition 
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Figure 65.  Cross-sectional HRTEM image of 
Si/CSTO/Si(001), showing islands on surface 

 

 

Figure 66.  Cross-sectional HRTEM image of 
Si/CSTO/Si(001), with Moiré fringes visible in islands 
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Figure 67. Cross-sectional HRTEM image of 
Si/CSTO/Si(001), at sufficiently high magnification 
to see CSTO film, but image is inconclusive. 

 

 

 

Figure 68.  SAD pattern of Si/CSTO/Si(001), 
camera length 60cm, enlarged by 25%. 
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 As a comparison to this sample, which nearly fulfills two steps of Floating 

Epitaxy SOI, another CS

to attemp inutes 

in 1x10-4 pO2 eposited on this 

surface at 65 ary 

to allow high quality direct de

 

 

Figure 69.  CSTO film following oxygen anneal (left), and 
silicon deposition on this film (right). 

 

 

 The limitation f n deposition is 

consistently therma l budget could allow Floating Epitaxy 

SOI to succeed.  To this end, Solid-P conductor materials was 

also investigated on several tem  temperature 

deposition of ma e stack to recrystallize 

the deposited ma  a high temperature 

than direct deposition, a e concerns related 

 thermal reaction or diffusion.  SPE of silicon on a CSTO film at a substrate 

mperature of ~650°C, shown in Figure 70, resulted in a polycrystalline silicon film.   

TO 20Å film was annealed in oxygen before silicon deposition, 

t all three steps for Floating Epitaxy SOI.  After a 615°C anneal for 20 m

, the RHEED pattern in Figure 69 is weak and 3D.  Silicon d

5°C results in a polycrystalline film.  More optimization would be necess

position on these oxide films.   

or use of a template oxide for epitaxial silico

l, and reduction of the therma

hase Epitaxy (SPE) of semi

plate oxide films.  SPE involves room

terial on a substrate or film, followed by heating th

terial.  This method typically requires less time at

nd is therefore useful especially where there ar

to

te
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Figure 70.  SPE of silicon on a CSTO film.  (a) RHEED pattern of starting CSTO 
film surface, (b) after amorphous silicon deposition at low temperature, and (c) after 
heating until recrystallization is observed, revealing polycrystalline silicon 
formation at ~650°C. 

 

 

 Germanium deposited on a ~100Å SrTiO3 film at room temperature recrystallized 

as a polycrystalline film at ~475°C.  RHEED patterns of this experiment are shown in 

Figure 71.  Temperature limitations of using small samples on the clip-holder in the 

BE, as well

attempted ex- ing method 

ould improve crystallization of the amorphous semiconductor films.   

 

M  as the slow heating rates possible, led later SPE experiments to be 

situ, using Rapid Thermal Annealing, in hopes that this heat

w

 

 

Figure 71.  SPE of germanium on a SrTiO3 film. 

 

         SrTiO3 (001)  film            10 nm Ge at RT              ~475°C recrystallized poly Ge 
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2. With ex-situ anneal 

Rapid Thermal Annealing (RTA) of silicon deposited at room temperature on a 

SrTiO3 substrate and heated by RTA to 1000°C for 2 minutes in nitrogen (sample placed 

his 

re

u  incomplete, due to the transmission of most of the quartz 

mp’s frequency by SrTiO3.   

Figure 72.  Spectroscopic ellipsometry raw data (dots) and 55% 
recrystallization fit (solid line) for silicon on a SrTiO3 substrate.  
As-grown cross-section shown before RTA to recrystallize. 
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on a silicon substrate for heating purposes) results in a 55% crystalline silicon film, based 

on spectroscopic ellipsometry data and simulation shown in Figure 72.  For clarity, the 

55% crystalline result is based on a comparison of the properties of single crystal silicon 

to the silicon on the sample.  The film could be polycrystalline, but it only gives 55% of 

the spectrum observed for single crystal silicon.  It has not been determined whether t

crystallized film is polycrystalline or epitaxial.  However, heating of the SrTiO3 

bstrate in the RTA wass
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RTA also allowed recrystallization of silicon on epitaxial oxide thin films, to 

varying degrees.  Amorphous silicon was deposited on a thick film of CaTiO3 on silicon, 

and heated to 900°C for 2 nds by RTA.  Because the CaTiO 0 seco

eal time is shorter.  In this 

ase, the silicon film recrystallizes to 75% crystalline, shown in Figure 73.   

Figure 73.  Spectroscopic e  raw data (dots) and 75% 
recrystallization fit (solid line) for silicon on a thick CaTiO3 film. 
As-grown cross-section shown before RTA to recrystallize.  

 
 

 A sample set of amorphous silicon on a CSTO epitaxial film on silicon was 

heated for 60sec by RTA to 800°C, 900°C, and 1000°C.  The fitted as-grown 

3 film is on a silicon 

substrate, no assistive heating surface is required, and the ann

c

 

75% recrystallized 

~120ÅCaTiO3

Si(001)

α-Si ~120Å

~120Å~120ÅCaTiO3

Si(001)

α-Si ~120Å~120Å

15

20

25

30

200 500 600 700 800

5

10

35

300 400
60

160

80

100

120

140

SiO2 ~ 23 A

CaTiO3 ~ 140 A
0.75 c-Si  ~ 63 A

 
∆

Ψ
  (

de
gr

ee
s)

  (
de

gr
ee

s)

Wavelength (nm)

as-grown: 

llipsometry

131 



spectroscopic ellipsometry data are shown in Figure 74a, confirming 19.9nm amorphous 

ilicon on 6.3nm CSTO on silicon.  Figure 74b compares the annealed profiles for the 

three annea road hump 

of the amo on reference, 

indicating nearly complete recrystallization as the TEM indicates.  After the 900°C and 

1000°C anneals, on the other hand, the intensity decreases and moves away from the 

fully crystallized reference, indicating degradation of the silicon layer due to reaction 

with the oxide layers.  This effect is more severe as the annealing temperature increases 

above 800°C.   

 

 

 

s

led samples to a silicon reference.6  After the 800°C anneal, the b

rphous silicon changes to very near that of the crystalline silic

Figure 74.  Spectroscopic ellipsometry results for Si/CSTO/Si(001) stack.  (a) Measured 
and fitted spectra as-deposited.  Model fit (solid red line) confirms an SOI stack of 
19.9nm amorphous silicon/ 6.3nm CSTO/ Si(001).  (b) Measured spectra for this stack as 
a function of RTA-anneal temperature revealing the silicon crystallization process.  The 
index of refraction spectrum for single crystalline silicon (c-Si) is included for 
comparison.   

 

132 



Finally, silicon was amorphously deposited at room temperature on an epitaxial 

CaTiO3 film grown on silicon (shown originally in Figure 52, and complete with as-

grown SiO2 underneath).  After a RTA at 800°C in nitrogen for 60sec, the silicon became 

polycrystalline, and the CaTiO3 layer began to degrade, as seen in the cross-sectional 

TEM image of the interface after annealing, in Figure 75.  HRTEM images of the 

interface area before and after annealing are shown in Figure 76.  The CaTiO3 film 

degradation, though it looks like it could be detrimental, may not be a problem.  If the 

CaTiO3 film reacts with and dissolves into the SiO2 layer and most importantly, the 

calcium and titanium ions stay in the oxide/silicate layer (that is, not diffuse into the 

silicon device layer), then the CaTiO3 film dissolution is not an issue.  However, calcium 

and titanium diffusion into the device layer could be problematic during device 

fabrication and use.  If high quality single crystal silicon could be created by this method, 

the interface of the stack would need to be investigated to ensure the device layer quality.  

The recrystallization of the amorphous silicon on a CaTiO3 film into polycrystalline 

silicon is encouraging.   

 

Figure 75.  Complete SOI stack with polycrystalline silicon on a CaTiO3 epitaxial film 
(bright) and SiO2 at the silicon substrate interface, after SPE of silicon by RTA 
(800°C, 60sec, N2).   
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Figure 76.  Cross-sectional TEM images of SOI stacks of 20nm silicon, 5nm
epitaxial CaTiO

 

 

 required 

 

Silicon homoepitaxy was first used to ensure the effectiveness of the surface 

ethod yielded better silicon homoepitaxy than the HF-last method, and 

oepitaxy indicated that the MBE could be used to deposit epitaxial silicon.   

Solid phase epitaxy was also tested for semiconductor ‘homo’epitaxy on silicon.  

3 ‘floated’ on ~6nm amorphous SiO2 on Si(001).  The structure 
is shown (a) as-fabricated (left) with amorphous silicon capping, and (b) after
an 800°C, 60sec RTA results in polycrystalline silicon.   

 

  

E. Surfactants 

 Several attempts at improving semiconductor deposition and recrystallization with 

surfactants have proved inconclusive.  A concentrated set of experiments will be

to determine appropriate and effective surfactants to allow atomically smooth interfaces 

and surfaces for Floating Epitaxy SOI.   

 

F. Concluding Remarks

 

preparation methods and the conditions in the growth chamber.  Testing revealed that the 

Sr deoxidation m

successful hom
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Ge

recrystallized at 650°C.   

 

 

tem

Ca

ar face 

with a

eterm ted using a CSTO film, 

eposition following the through-oxidation anneal resulted in 

ilicon.   

  

 crystallinity on silicon SPE on a SrTiO3 

ubstrate after a 1000°C (setpoint, not accurate for SrTiO3 substrates) Rapid Thermal 

rystallinity for silicon SPE on a CaTiO3 film on silicon at 

, 

rmanium recrystallized at a substrate temperature of 470°C, while silicon 

All silicon heteroepitaxial deposition on CaO, Ba1-xSrxO, and SrTiO3 at elevated 

perature resulted in amorphous or polycrystalline films, while both germanium 

deposition on two surface-treated SrTiO3 substrates at 450°C and silicon deposition on a 

1-xSrxTiO3 (CSTO) film on Si(001) at 690°C yielded mixed epitaxial orientations of 

the semiconductor in RHEED.  The silicon recrystallization on the CSTO film may not 

have recrystallized based on the template oxide, but could have based on the silicon 

substrate, due to significant islanding and possibly reaction of the CSTO film.  Selected 

ea electron diffraction shows the existence of a polycrystalline phase near the inter

 lattice parameter smaller than that of silicon, whose identity has not been 

ined.  The full Floating Epitaxy SOI method was attempd

but the silicon d

polycrystalline s

 

In-situ Solid Phase Epitaxy (SPE) of silicon on CSTO and germanium on SrTiO3 

films resulted in polycrystalline silicon, as did most of the ex-situ annealed SPE samples.

Spectroscopic ellipsometry measured 55%

s

Anneal (RTA), and 75% c

900°C.  A more detailed test of silicon SPE on CSTO films at temperatures of 800°C

900°C, and 1000°C indicated maximum crystallinity for the 800°C anneal.  Finally, 
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silicon SPE on CaTiO3 at 800°C was observed both as-deposited and after annealing in 

the TEM.  The as-deposited stack includes 6nm of amorphous interfacial layer under the 

CaTiO3 film.  After annealing, the silicon layer is polycrystalline, and the CaTiO3 f

beginning to degrade, perhaps reacting with the AIL.  Note that as long as the

and titanium remain in the oxide/silic

ilm is 

 calcium 

ate film, and do not diffuse into the device silicon, 

e CaTiO3 film degradation is not a concern; this would have to be evaluated before 

ve 

ired 

2.  H.J.Osten, et al.  J.Cryst.Growth 127 (1993) 396-400.   

4.  G.Koster et al.  Appl.Phys.Lett. 73(20) (1998) 2920-2922. 
.Stevie.  Micron 30 (1999) 197-204. 

6.  E.D.Palik (Ed.) Handbook of Optical Constants of Solids, Academic Press, Orlando, 
985.   

 
 
 

th

using this stack for device fabrication.  Surfactants have proven useful in other 

researchers’ investigations of silicon heteroepitaxy, but only inconclusive results ha

been observed during limited experimentation in this research.   

 

The polycrystalline silicon films created by in-situ and ex-situ annealing and the 

multiple-orientation epitaxy seen in-situ are encouraging, but further research is requ

to reach device quality, single crystal, epitaxial silicon on these oxide templates.   
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VII. CONCLUSIONS 

 

A. Final Conclusions about Epitaxial Oxide Template Feasibility 

  In this research, SrO, BaO, Ba Sr O, SrTiO , CaTiO , and Ca Sr TiO  were 

deposited epitaxially on Si(001) substrates.  Of these oxides, the perovskites show the 

most potential for withstanding the thermal budget required for silicon deposition, either 

by direct deposition or by SPE.  BSO on silicon is only stable in vacuum to ~420°C (the

surface perhaps to 535°C); SrO and BaO are stable to lower temperatures.  If a lower 

thermal budget method of depositing device-quality silicon were to become available,

these oxides might be possibilities.  However, none of these three would be usef

either direct epitaxial deposition or SPE with current methods.  SrTiO , CaTiO , and 

CSTO are stable on silicon to 650-690°C, but the oxide surface b

1-x x 3 3 1-x x 3

 

 

ul for 

3 3

egins to roughen at 

these temperatures, and could not be used for silicon deposition above 700°C.  For this 

reason,  

ayer 

s well as a less time-consuming (and therefore less expensive) process.   

y as a Whole 

OI substrates is

 SPE might be a more feasible silicon deposition route for these oxides.  If a more

stable oxide (perhaps LaAlO3) could be epitaxially deposited on silicon, this may allow 

direct deposition of the silicon layer, leading to a potentially less defective silicon l

a

 

B. Final Conclusions about Feasibility of Floating Epitax

 The Floating Epitaxy processing scheme for creating S  a feasible 

ns will allow high-quality SOI production.  Each of the separate processing steps 

process, but more work is required to determine what materials and what processing 

onditioc
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has been established individual bination and optimization of 

e separate steps to create the full SOI structure will prove challenging.   

ed 

 

2 

ight 

r 

er device 

rocessing, dissolves into the SiO2 layer, or releases ions to diffuse in the silicon device 

 optimized to 

inimi

industry.   

ly, to differing degrees.  Com

th

 

C. Future Work to Make Floating Epitaxy a Reality 

 In order to reach the goal of Silicon-on-Insulator substrates made by the propos

Floating Epitaxy method (or a modification thereof), further work is necessary.  First, a 

method of high-quality silicon deposition on the epitaxial oxide template layer must be 

firmly established.  If this cannot succeed with the currently grown epitaxial oxides, 

another epitaxial oxide candidate should be determined and evaluated for this purpose. 

The epitaxial oxide must also have and maintain a flat surface on which to deposit the 

silicon.  For through-oxidation, the interface of the epitaxial oxide and the grown SiO

should be investigated to determine whether a reaction is occurring (and whether it m

continue with further processing).  Appropriate conditions will need to be established fo

oxidation of the required thickness for the individual template oxide chosen.  The quality 

of the epitaxial oxide following through-oxidation also must be established; it is 

important to know whether the epitaxial template oxide remains intact for later silicon 

deposition, as well as if it stays continuous and stoichiometric during furth

p

layer.  Once a silicon deposition method is chosen, the deposition must be

m ze defects in the silicon, as well as to leave an atomically smooth, 2D surface for 

device fabrication.  Finally, the entire Floating Epitaxy SOI structure must be tested 

through device fabrication processes to ensure its robustness for the semiconductor 
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